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Introduction to the Student 


Use of this Study Guide will significantly help you in your study and learning of organic chemistry. It 
contains a number of special features that supplement the textbook and organize the content in new 
ways to facilitate study, review, and self-testing. This Study Guide is especially focused on assisting 
you in learning how to solve problems involving the synthesis of simple organic compounds. If you 
learn to manipulate families of organic compounds for purposes of elementary syntheses (that is, 

to devise sequences of transformations) you will have an excellent command of the essentials of 
organic chemistry! 


Your initial attention in your study of organic chemistry should be on each chapter in 
sequence in the textbook. When you have completed initial study of the chapter and you get into 
serious follow-up study, use this Study Guide. Each chapter herein opens with a section entitled 
Learning Objectives to make clear what knowledge and skills you should have acquired as a result 
of studying that chapter. 


Each chapter of the Study Guide also includes a GLossARY of terms that were introduced in 
the chapter. Definitions are included. These terms are drawn from the text content and the chapter 
summaries. Review and understanding of the precise meaning of these terms is essential for 
communicating about organic chemistry. - 


Chapters in this Study Guide also present in chart form a succinct SUMMARY OF REACTIONS 
studied for the particular family of compounds. If appropriate, a SUMMARY OF PREPARATION of this 
family of compounds also is included. These charts make effective summaries for study and 
reference in preparation for quizzes and examinations. 


This Study Guide contains two additional helpful summaries. First, the chart entitled Key to 
Transformations is reproduced from the textbook. This chart, in a simplistic overview way, summa- 
rizes most of the chemistry encountered in chapters 3 to 15—those chapters dealing with the major 
families of organic compounds considered in the text. It is an ideal reference chart to keep visible as 
you are studying individual reactions and chapters. It places reactions in context and helps you to 
see the “big picture.” Second, at the end of the Study Guide is a Summary of Preparations of Families of 
Compounds which brings into one location all of the different means of synthesizing a member of 
any family of compounds. This Summary should be especially helpful in your term-end review. 


Finally, the major portion of this Study Guide is taken up with the SOLUTIONS TO PROBLEMS 
that are included in the text, both those within each chapter as well as the Additional Problems at 
the end of each chapter. Keep in mind that there is an organization to the problems in the text. 
Those within the chapter are related directly to the material discussed immediately preceding the 
problem. Those in the Additional Problems are grouped by major topics encountered in the chap- 
ter—the groupings themselves will help you in deciding upon your initial approach to the problem. 
The final grouping in each chapter is called MixeD PROBLEMS and includes a broad variety of prob- 
lems which require you to call upon all of your knowledge and experience acquired to that point. 
Finally, a few problems in each chapter are marked as being more challenging synthesis problems 
for those who wish to test themselves further—they generally require more than three transforma- 
tions for their solution. They are marked with an asterisk in this Study Guide. 


The tackling of problems is the only effective way to determine whether you really 
understand the organic chemistry you have studied—can you apply it to solve problems? Many 
students have not previously encountered problems that require a logical and conceptual analysis 
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prior to devising solutions. Such deductive reasoning is critical in most career fields, and organic 
chemistry is one of the best means of learning such analytical thinking. The textbook and this Study 
Guide include features to help you develop the ability to solve such problems. First, the textbook 
contains many “How to Solve a Problem" sections, which lead you through the reasoning behind solv- 
ing individual problems related to that chapter's content. Practice the approaches described therein. 
Second, immediately following this Introduction to the Study Guide is a section entitled "How to 

. Solve Synthesis Problems" which is a generalized step-by-step approach to problem solving. Refer to 
this approach often. 


I hope you find this Study Guide useful as you learn organic chemistry. It will assist you in 
learning a disciplined, careful, and analytic approach to problem solving, a skill that will stand you 
in good stead in your chosen career. Finally, I remind you that to make your learning of organic 
chemistry effective it is essential to keep up. Don't wait until just before exams to cram and test 
yourself with problems—it doesn't work for most students studying organic chemistry. Instead, 
keep up with the content and tackle problems regularly. 


Much effort has been expended to ensure that the solutions provided in this Study Guide are 
correct. However, it is easy for errors to creep in to 2490 answers and I will appreciate anyone call- 
ing such to my attention. Also, if you have suggestions for improvement of the Study Guide to make 
it even more useful, please communicate them to me through the publisher. 


I extend my sincere thanks to those members of Jones and Bartlett Publishers who have 
contributed to the final outcome of the Study Guide preparation. I particularly want to thank Ivee 
Wong for overseeing production of the Study Guide. Special thanks goes to Anne Moody (Truman 
State University) for checking the accuracy of solutions. 


A. William Johnson 
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How to Solve Synthesis Problems 


By this stage of your education you probably have become accustomed to problems of the type 
associated with general chemistry or physics. Such problems are often mathematical and involve 
the application of formulas which have been memorized. Problems in organic chemistry are very 
different, and, at this level, are non-mathematical. Instead, they call for analysis, reasoning, and 
deduction. What makes the process even more interesting is that there may be more than one 
appropriate solution! 


Starting in Chapter 3 of the textbook you are introduced to reactions that involve converting 
one organic compound into another. The accumulation of such reactions and their appropriate 
sequential use permits organic synthesis—the conversion of one compound into another by a single 
or several separate transformations. Recall from the introductory essay in the textbook that organic 
synthesis is one of the three major activities undertaken by organic chemists. 


Having a ready command of how one compound can be converted into another is the key to 
being able to solve synthesis problems. This Study Guide contains a number of sections designed to 
help you develop such a skill. The chart entitled Key to Transformations, which follows this section, 
summarizes much of the synthesis content of the textbook on a single page. As you are learning to 
solve synthesis problems, refer to this chart for assistance. Most chapters of this Study Guide con- 
tain one or more charts summarizing the individual reactions described in the textbook chapter. 
These reactions are what enable the transformations outlined in the Key to occur. Finally, the section 
at the end of this Study Guide entitled Summary of Preparation of Families of Compounds brings 
together in one place all of the different methods of synthesizing various families of compounds. 


When you are faced with synthesis problems I suggest you try the following several steps in 
sequence: 


1. Analyze the problem before searching for solutions. Do this so that you clearly under- 
stand what is at the heart of the problem. Identify in each chemical structure just what 
portions change as one compound is converted to another, and what remains unchanged. 
Most chapters in the text include one or more examples of problem analysis in features 
called "How to Solve a Problem." Work with them to help develop your own approach. 


2. Once you have identified specifically what changes in the chemical reaction in question, 
determine what overall transformation must occur. Do this initially without worrying 
about the particular reagent(s) required. In other words, ask yourself specifically what 
group or groups in the structure must be replaced by what other group, not how it must 
happen. Use the Key to Transformations for help if needed. 


3. Look for similarities to other transformations with which you already have become 
familiar. 


4. Identify what kind of a chemical process is needed to accomplish the identified transfor- 
mation. We will encounter only about five basic kinds of reactions (processes) in the 
entire text—substitutions (nucleophilic and electrophilic), additions (nucleophilic and 
electrophilic), eliminations, oxidations, and reductions. 
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5. Now try to visualize a hypothetical reagent that can bring about the change identified іл 
steps 1, 2, and 4. | 


e 


. Write the reaction as you now envisage it. Then ask yourself if what you know about the 
chosen reagent and its usual behavior verifies that it really would be expected to produce 
the desired product? Would you really expect that reagent to react with the starting 
material? Why and how? 


7. If stuck, don't just look up the answer in this Study Guide. Instead, first struggle with the 
problem a while. For instance, jot down the kinds of reactions the starting compound 
typically undergoes. Alternatively, jot down the known preparations of the kind of com- 
pound you are trying to prepare. Finally, consider the kind of reaction your proposed 
reagent usually accomplishes. Look at the Key to Transformations and at the Summary of 
Preparations in this Study Guide. You will learn more from struggling with a problem for a 
while and trying different approaches than from simply looking up the answer. 


When doing multi-step syntheses (that is a problem that asks you to prepare compound C 
starting with compound A, think backwards from the product C (a process called retrosyn- 
thesis). Think of the different means of preparation you have studied for C and the kinds of 
compounds that can be used as starting materials — do you recognize compound A as a 
starting material? If not, then you may have more than one step to consider (A to B to C). 
Apply the same thinking going from your desired product C to compound B, then from B to 
starting material A. Use the Key to Transformations in working backwards. 


8. Finally, look up the answer to the problem in this Study Guide. If you still do not 
understand how the answer was developed, refer again to the Key to Transformations, the 


Summary of Preparations, and to the appropriate location in the text for discussion of the 
reactions.. | 


9. Re-read this problem-solving section as often as necessary during your study in order to 
develop your own analytical approach to problems. You will see many concrete examples 
of the steps just described in the example problems called "How to Solve a Problem." 


This text provides many opportunities for you to test yourself by working on problems— 
there are over 2490 individual problems! Only by tackling problems as practice can you really learn 
how to solve problems, and only then can you determine for yourself whether you have a command 
of the material. Don't come out of an exam saying "I thought I knew that stuff" when you really 
had not tested yourself before-hand. Use the many "How to Solve a Problem" examples provided in 
this textbook to guide you—they include not just answers, but will teach you how to develop the 
thinking skills that go into finding the answers. Use them, understand them, and then try that 
approach yourself. The "Additional Problems" section at the end of each text chapter contain prob- 
lems of varying degrees of difficulty for practice. As you become more able to solve problems tackle 
some of those labeled as being somewhat more challenging, and more interesting, problems 


(marked with an asterisk). You will acquire a feeling of pride as your problem solving skills 
improve. | 


Symbols and Abbreviations 


Below are listed the common symbols and abbreviations that are used in this Study Guide 
and in the textbook, Invitation to Organic Chemistry. Do not expect to encounter or understand all 
of them now—you will be introduced to them gradually throughout your study. 


Bonds 
=== а single bond 
== a double bond 
== a triple bond 
== a single bond in a three-dimensional drawing coming out of the plane of the paper 
ul a single bond in a three-dimensional drawing going behind the plane of the paper 
— a single bond closer to you than are other bonds in a structure 
и a hydrogen bond 
een a bond partially broken or partially formed 
*6 a partial positive charge is located on an atom 
Ts a partial negative charge is located on an atom 
Arrows 


used in reactions to indicate a reaction proceeding from reactants to products. 
Frequently a reagent causing the reaction will be written over the arrow. 


to symbolize an equilibrium (without an indication of which direction predominates) 
to symbolize resonance between contributing structures 


to symbolize the direction of movement of a pair of electrons 


to symbolize the movement of a single electron 


DDES | 


to indicate the direction of polarity of a bond or the dipole moment of a molecule. 
The arrow indicates the negative end and the crossed end indicates the positive end. 
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DMSO 


Ether 


THF 


EtOH 


NBS 


PCC 


DCC 


Boc 


TMS 


2,4-DNPH  2,4-dinitrophenylhydrazine 


RaNi 


dimethylsulfoxide 


ethyl ether 
tetrahydrofuran 


ethanol 


N-bromosuccinimide 


pyridinium chlorochromate 


dicylohexylcarbodiimide 


t-butyloxycarbonyl group 


tetramethylsilane 


Raney nickel 
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CH; 
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CH4CH,OH 
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O 


C 'N- HCI: CrO; 
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О 


Її 
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(CH3)4Si 
NO, 


on) NHNH, 


a unique nickel catalyst often 
used for hydrogenolysis 


Key to Transformations 


Chapters 3-7 Chapters 12-15 


ALKANE AMINE rane 
| ACID ESTER 
CHLORIDE 
ALKYL HALIDE IN Z 
NITRILE CARBOXYLIC 
N ACID 
ALKENE = ALCOHOL ALDEHYDE 


| | 


АТКҮМЕ ЕТНЕК 


= оне 


CHAPTER 


Carbon Compounds: Bonding and Structure 


|. Textbook Chapter Contents 


1.1 


1.2 


1.3 


Chemical Bonding 


111 Тһе Atom and its Structure 
Electrons: A Closer Look 
Electron Configuration 
11.2 The Chemical Bond 
Ionic Bonding 
Covalent Bonding 
1.1.3 Carbon Covalent Bonding 
sp? Hybridization 
Single Covalent Bonds to Carbon 
Carbon-Carbon Bonds 
114 Formal Charge 


Organic Compounds 


12.1 Formulas for Organic Compounds 
Empirical Formulas 
Molecular Formulas 
Structural Formulas 

1.22 Classification of Organic Compounds 

1.23 Physical Properties of Organic Compounds 
Molecular Shape 
Bond Polarity Solubility 
Intermolecular Attractive Forces 


Reactions 


131 Acids and Bases 
1.3.2  Electrophiles and Nucleophiles 
1.33 Introduction to Reaction Mechanisms 


his introductory chapter reviews the basics of atomic and molecular struc- 

ture preparatory to their application to organic chemistry. The emphasis is 

on the chemical bond of organic compounds and its effect on the structure 
of compounds and their various physical and chemical properties. 
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all. Learning Objectives 


• Refresh your understanding of atomic structure, including the writing of the electron configura- 
tion for elements of the first three rows of the periodic table. 


.* Know the concept of electronegativity and be able to determine the relative electronegative and 
electropositive character of two elements. 


* Know the octet rule and its role in ionic bonding. 

* Explain how a covalent bond is formed. 

* Describe the sp? hybridization of carbon, its involvement in the formation of single covalent 
bonds in alkanes, and the tetrahedral shape of resulting organic compounds. Draw three dimen- 
sional representations of tetrahedral carbon. 

* Be able to calculate the formal charge on atoms involved in covalent bonding. 

* Be able to relate empirical formula, molecular formula, and molecular weight. 

* Draw the structural formula of simple organic compounds using dot, dash, condensed, combina- 
tion, and bond-line drawings. From a molecular formula be able to draw a chemical structure 


using the different drawings. From a structural formula determine a molecular formula. 


* Know that there are classifications of organic compounds, especially by families, each of which 
contains a functional group. 


* Understand how physical properties, such as polarity, solubility, and boiling point arise from the 
molecular structure of organic compounds. 


* Refresh your understanding of Brensted acids, acid-base reactions, and pK,s. Determine the 
direction of an equilibrium from a consideration of the relative acidity or the relative basicity of 
the compounds/ions on both sides of the equilibrium. 


* Know the meaning of electrophile, nucleophile, Lewis acid, Lewis base, Brensted acid, and 
Brensted base. 


* Realize that a covalent bond can be broken and that the electrons of the bond can distribute them- 
selves in three different patterns to product three different reactive intermediates. 


* Begin to become familiar with the use of arrows to indicate the breaking or formation of bonds 
and the necessary electron shifts, initially in acid-base reactions. 


Chapter 1 Carbon Compounds: Bonding and Structure 


|. Glossary 


acid dissociation constant a number (K,) which reflects the strength of an acid in water 


acyclic compound a compound in which the atoms may be connected in many ways, but which 
does not involve a closed ring of atoms 


aliphatic compound a compound which is not aromatic. A compound which is derived from a satu- 
rated hydrocarbon 


anion an ion with a negative charge 


aromatic compound a compound having the property of aromaticity, usually derived from benzene 
and related carbocyclic or heterocyclic compounds 


atomic number describes the position of an element in the periodic table, and also is indicative of 
the number of protons in the nucleus of the neutral atom 


atomic orbitals a region of space, with an associated energy level, surrounding the nucleus of an 
atom. Each orbital may contain a maximum of two paired electrons 


atomic weight the average of the mass number of all of the isotopes of an element 
Aufbau principle orbitals of lower energy are filled with electrons before those of higher energy 


bond moment the polarity of a covalent bond. It cannot be measured but can be inferred from the 
dipole moment of a compound and from calculations based on molecular structure 


Brensted acid a proton donor 
Brensted base a proton acceptor 


carbanion a carbon atom that is surrounded by eight electrons, is negatively charged, has three sub- 
stituents, and has an unshared pair of electrons 


carbocation a carbon atom that is surrounded by six electrons, is positively charged, has three sub- 
stituents, and has a vacant p-orbital 


carbocyclic compound a compound in which some of the carbon atoms are connected to form a ring 


carbon radical a carbon atom that is surrounded by seven electrons, is neutral, has three sub- 
stituents, and has a single unshared electron 


cation an ion with a positive charge 
connectivities an indication of which atoms are bonded (connected) to which other atoms in a molecule 
covalent bond a bond between two atoms in which a pair of valence electrons is shared 


dipole moment a measure of the polarity of a molecule which has magnitude and direction (that is, 
it is a vector quantity) 


electron configuration the arrangement of electrons into orbitals about the nucleus of an atom 
including an indication of the principal quantum number, the orbital type, and the number of elec- 
trons in each orbital 
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electronegativity the tendency of an atom or group to attract electrons 


electrons a particle carrying a negative charge and usually located i in shells about the nucleus of an 
atom or ion 


electrophile an electron pair acceptor involved in a reaction 
electropositivity the tendency of an atom or group to give up electrons 


empirical formula a formula indicating which elements are present in a compound and the ratio of 
the number of each to the other 


family of compounds a group of compounds which contain the same functional group 


formal charge the net charge on each atom in a molecule determined by accounting for all of the 
electrons in the molecule and their source 


functional group that portion of a compound which is particularly reactive and subject to change _ 
through chemical reactions 


ground state the lowest energy state that any atom or molecule may have 


heterocyclic a compound in which some of the atoms are connected to form a ring which contains at 
least one atom other than carbon (that is, a heteroatom—usually О, N, or S) 


Hund's rule when more than one orbital of the same energy level is available to be filled with elec- 
trons, each orbital will first acquire one electron before any orbital acquires a second electron 


hybridization a mixing of the characteristics of atomic orbitals, including energy level and shape 
hydrophilic a compound or portion thereof which is attracted to and soluble in water 
hydrophobic a compound or portion thereof which is repelled by and insoluble in water 

ionic bond an electrostatic bond between atoms of opposite formal charge 

K, acid dissociation constant 

Lewis acid an electron acceptor 

Lewis base an electron donor 


Lewis structures structural formulas in which all of the valence electrons of each atom are shown as 
dots about the element symbol 


mass number the number of protons plus the number of neutrons in an atom of an element 


molecular orbital an orbital formed by the overlap of two atomic orbitals and which normally con- 
tains two paired electrons 


molecular formula the absolute number of atoms of each element present in a compound 
molecular weight the sum of the atomic weights of the elements present in a compound 


nucleophile an electron pair donor involved in a reaction 


Chapter 1 Carbon Compounds: Bonding and Structure 


nucleus the core of an atom that contains the protons and neutrons, and is responsible for most of 
the mass of the atom 


octet rule in forming bonds atoms will tend to acquire the electron configuration of the inert gas 
nearest to them in the periodic table 


orbital a region of space, with an associated energy level, surrounding the nucleus of an atom or ion. 
Each orbital may contain a maximum of two paired electrons 


Pauli exclusion principle a maximum of two electrons, and of opposing spin, may occupy an orbital 
pK, a measure of the strength of an acid. It is the negative log of the acid dissociation constant (К,) 


polarized bond a covalent bond in which the electron density is not equally shared between the two 
atoms 


principal quantum number whole numbers assigned to the electron shells, starting with that closest 
to the nucleus having a value of 1 


reaction mechanism the detailed steps by which a reaction occurs 


reactive intermediate a highly reactive, short-lived chemical species involved in many chemical 
reactions (carbanion, carbocation, carbon radical) 


shells a region of space about an atom or ion where electrons are located. Shells are designated by 
principal quantum number and can contain a maximum number of electrons (such as 2, 8, etc.) dis- 
tributed in orbitals 


sigma bond a bond formed by the end-on overlap of an orbital from each atom and which contains 
two paired electrons. The highest electron density is along the axis between the two atomic nuclei - 
the bond is therefore cylindrically symmetrical 


single bond a covalent bond containing two electrons, normally a sigma bond 
structural formula a drawing indicating the connectivities of each atom present in a molecule 


tetrahedral hybridization the hybridization of a single s orbital and three p orbitals to form four sp3 
hybrid orbitals directed to the corners of an imaginary tetrahedron 


transition state a mid-point in a reaction at which the structure of the reactant is partially changed 
and is at its highest energy level 


valence electrons electrons in the outer shell of an atom and available for use in bonding 


van der Waals forces weak attractive forces between non-polar molecules 
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3* IV. Solutions to Problems 


Chapters in the text "Invitation to Organic Chemistry" contain a feature entitled "How to Solve a 
Problem," designed to help students reason through problems (rather than just memorize). Review 
those in chapter one (pages 12, 19, 24, and 33) and the explained answers in this section of the Study 


1.1 


1.2 


1.3 


Guide to develop your own approach to arriving at the answers included herein. 


The atomic number of each element indicates the number of electrons which need to be 
placed in orbitals. Recall that the orbital sequence for the first three principal quantum 
numbers is 1s, 2s, 2p, 3s, 3p, and 3d. Application of the Aufbau Principle, the Pauli 
Exclusion Principle, and Hund's rule in sequence leads to the following electron 
configurations. 


Silicon (Z = 14) 1522522 р63523р 2 
Phosphorus (Z=15)  1522522р63523р3 
Sulfur (Z = 16) 1522522р63523рќ 
Chlorine (Z = 17) 1s22522p63s23p5 
Argon (Z = 18) 1s22s22p63s23p6 


The ground state electronic configurations for sodium and chlorine are developed as 
described for Problem 1.1. Conversion of elemental sodium to cationic sodium requires the 


loss of the 3s! electron, leaving behind a noble gas (Neon) configuration for Ма“. 
Conversion of elemental chlorine to anionic chloride requires the gain of an outer shell 
electron, that is into the 3p orbital, resulting in a noble gas (Argon) configuration for the 
chloride anion. 


Sodium (Z = 11) 122522р6351 
Chlorine (2. = 17) 1522522р63523рэ 
Sodium cation 1s22s22p6 
Chloride anion 1s22s22p63s23p6 


Three carbons can only be connected in a single continuous chain which is propane. A total of 
8 hydrogens are required to fill all of the remaining valences. 


H H н 
| | | 
H— с—с—с—н ргорапе 
MEME 
H H H 
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1.4 Five carbons can be connected in three different patterns as shown for these structures which 


all have the molecular formula C5H12. 


H H H H H H 
| | | | | | 
H— с—с—с—с—с—н H— C—H 
p ор [ү | H | H 
H H H H H | | 
н— C—cC—— с—н 
n-pentane | | | 
H H H 
| H— C— H 
H—C—H | 
| | H H H 
H—c c— Ж ые H neopentane 
| | | | 
H H H H 
isopentane 
1.5 First of all, the carbon skeleton of three carbons can only be connected in one pattern, a 


continuous chain. There are four possible patterns in which the two chlorine atoms can be 


located on a three-carbon chain. 


наа 
| 

H— C—C—C—H 
E uw x 


H H H 


B—C—C-—C-—H 
| | | 
ан н 


а на 

| | | 
H— C— C— C—H 

| | | 

H H H 


H C H 

| | | 
н— C—C—C—H 

Р d] 

H C H 
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1.6 | 
(а) Hydroxide anion н— о D Formal Oxygen =6-6-1=-1 
ss Charge 
H—N—H Formal Nitrogen =5-2-3=0 
(b) Ammonia | Charge 
H 
H 
. . = Ја H Formal Nitrogen =5-0-4=+1 
(c) Ammonium cation H | Сћагре 
H 
p Carbon =4-0-4=0 
(d) Bicarbonate anion :0: Formal 
| ..- Charge Oxygena =6-4-2=0 
H— O—C—O: Oxygenb =6-4-2=0 
с Охугепс =6-6-1 = -1 
SN Formal i =5-4-2=- 
(e) Amide anion H N Charge Nitrogen =5-4-2=-1 
H 
Ж 
(f) Nitric Acid H-O—-N Formal  Oxygena =6-4-2=0 
и mer c Change Oxygenb =6-4-2=0 
у Охурепс =6-6-1=-1 
Nitrogen =5-0-4=+1 
1.7 


(a) Three carbons in C3Hg сап only be connected one way - a continuous chain. 
CH37— CH;— СН; 


(b) Four carbons in С4Н10 can be connected in two different patterns, a continuous chain or a 
branch off a three carbon chain. 


ji 
CH3 — сну CH; — CH or  CH,— CH— СН; 


(c) Five carbons in C5H12 can be connected in three different patterns - a continuous chain, a 
four carbon chain with a single branch, or a three carbon chain with two branches. 


CH; 
CH,— СН, CH,— CH, — CH, — CH,— CH— CH, — CH, 


CH; 
CH3;— ЈЕ 2 СН; 
CH; 


1.8 


1.9 


1.10 


1.11 


1.12 


1.13 
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(а) С4Н8 (b) C6H14 (c) СбН 14 


(a) The formula weight for an empirical formula C2H5 is 29. Since the molecular weight is 
twice 29, or 58, the molecular formula must be two times the empirical formula, or С4Н10. 
(b) The formula weight for C4HgO is 72. Since the molecular weight is twice the formula 
weight, the molecular formula must be twice the empirical formula, or CgH1602. 


Since chlorine is more electronegative than hydrogen it is the negative end of the bond 


moment. Since there is only one bond in НСІ, the dipole moment is the same as the bond 
moment. 


+ -ô > 


Bond moment: H— CI Dipole moment: H— CI 


From Table 1.2 it can be determined that carbon is slightly more electronegative than 
hydrogen, and that fluorine and oxygen are both more electronegative than carbon. 


т 
$ "d 159 
(а) 45 | (b) ls 
+8 С +6 +, -0: +5 
Hm :5 “Ән Н ò: H 
H H 
+6 +8 


In H20, the oxygen atom is more electronegative than the hydrogen atoms. The molecule 
cannot be linear or the dipole moment would be zero. Therefore it must be non-linear with 
the dipole moment in the direction of the oxygen atom. Similarly, in NH3 the nitrogen 
atom is more electronegative than the hydrogen atoms. The molecule cannot be planar and 
trigonal or the dipole moment would be zero. One feasible structure is that of a pyramid 
with the nitrogen atom at one apex resulting in a dipole moment toward the nitrogen apex. 


о SN 
H H ü SS | 2 Е 
Н 


Chlorine is more electronegative than carbon. The dipole moment for chloroform should be 


larger than that for methyl chloride because the vector directions of three chlorine atoms 
are additive. 
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+5 H H 
-6 1+5 H i H 
-5 Cl 2 C1 -ô | +8 
CI -8 
5 Cl 
chloroform methyl chloride 
(chloromethane) 


The boiling points of compounds generally are reflective of the strength of the 
intermolecular attractive forces between molecules. Methane molecules are non-polar, each 
with a zero dipole moment and therefore they interact only with relatively weak 
intermolecular forces (van der Waal’s). In contrast, water molecules are polar (dipole 
moment 1.8) and the dipole-dipole association between molecules is much stronger. 
Therefore, since it requires more energy to dissociate water molecules than methane 
molecules, water has a higher boiling point. 


The equilibrium will lie in the direction in which the strongest acid loses a proton. Since 
acetic acid is a stronger acid (smaller pKa) than carbonic acid the equilibrium will lie to 
the right. The same conclusion is reached by considering the strength of the two bases, 
bicarbonate ion and acetate ion. As deduced from the рКа of the acids, the bicarbonate ion 


is the strongest base and therefore will acquire the proton. 


CH,COOH + № HCO, == cH,coO Ма +  H,CO, 


Ка = 4.7 = 
P equilibrium pKa = 6.4 


direction 


Phenol (pKa 10) is a stronger acid than water (pKa 15.7). Thus, in an equilibrium of phenol 


and hydroxide ion (whose conjugate acid is water) phenol will lose a proton, producing 
phenoxide anion. 


СНОН + | NaOH СН; ОМ№а + H0O 
phenol (pK, 10) sodium phenoxide pK, 15.7 


Atomic carbon, which is neutral, has four electrons in its outer shell. When a carbon atom 
shares a pair of electrons with another atom (i.e., when each atom contributes a share of its 
own electrons to form the shared pair), neutrality is retained as in the four bonds in 
methane (CH4). 


In a carbanion the carbon shares three of its electrons with three other atoms but has full 
control of a fourth pair of electrons. Thus carbon has acquired an additional electron from 
another atom (not sharing it) thereby changing it from neutral to negatively charged. It 

has a formal charge of -1. 
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In a carbocation the carbon shares three of its electrons with three other atoms but has lost 
one of its original electrons. This loss of an electron changes it from neutral to positively 
charged. It has a formal charge of +1. 


In a radical the carbon shares three of its electrons with three other atoms and retains a 
single unshared electron. Since it started out neutral, and has suffered no net acquisition or 
loss of an electron, the radical carbon must remain neutral. It has a formal charge of 0. 


+ : 
H— с-н H— с-н H—C-—H 
| | | 
H H H 
Carbanion Carbocation Carbon radical 
118 Carbon (Z = 6) 1s22s22p2 
Nitrogen (Z = 7) 1s22s22p3 
Oxygen (Z = 8) 1s22s22p4 
119 Potassium(Z=19) 1522522р63523рб451 
Fluorine (Z - 9) 1s22s22p9 
Potassium cation 1522522р63523рб 
Fluoride anion 1s22s22p6 
1.20 (а) magnesium is electropositive; (b) sulfur is electronegative; (c) calcium is 
electropositive; (d) selenium is electronegative. 
121  Electronegativity decreases down a group in the periodic table. Therefore the 
decreasing electronegativity order is oxygen » sulfur » selenium » tellurium. 
1.22 
Element Electron Configuration Valence Valence 
electrons 
oxygen 1s22s22p4 Six two 
carbon 1822522р2 four four 
nitrogen 1s22s22p3 five three 
hydrogen 151 опе one 
fluorine 1 $22522р5 зеуеп опе 
sulfur 1s22520p63s23p* six two 
phosphorus 1s22s22p63s23p3 five three 
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123  CH3CH2CH2CHjF, CH3CH2CHFCH3, (CH3)2CHCH2F, (CH3)3CF 


1.24 
(а) Н:С:С: (b) Н:С:С:0:Н (с) Н:С:С:С:Е: 
H H H HHH 
1.25 
(а) ke CH;— CH, 
О €) | | (с) | CH,CH;CH;CH;CH, 
CH,~ 
H CH, — CH, 
heterocyclic carbocyclic acyclic 


1.26 (а) C6H13Cl; (b) С6Н12; (c) C3H7N; (d) C7H16 


1.27 (a) (CH2)4CHCH2CH3; (b) (CH3)2CHCH2CH2CH(CH3)2; (c) (CH3)2CHOCH(CH3)2 


d 
X 


H H 


(a) (b) (с) | | 


С—С ин 


Е" Н / \ 


1.29 The bond polarity is determined by deducing the relative electronegativities of the two 
atoms involved (refer to Table 1.2). The bond polarities decrease in the following orders: 


р, " 
а“ | "а Hw 


I (7) — 
T C) — 


(a) O-H » N-H » C-H 
(b) О-Н > 5-Н > Se-H 
(с) С-Е > С-С1 > C-Br > СЛ 
(d) C-Li > C-Na > C-K 


1.30 
+ 
(à сн;—Е (b ChC— СС і 
has no dipole moment 
p 
а = 
И... 
с) ">С (d) CH;3CH;CH;— OH 
) cw “н 
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The equilibrium lies in the direction in which the strongest acid, in this case methanol, has 
lost its proton. 


CHOH + NH, = = СНО + NH, 


—————— 


pK, = 16 equilibrium pK, = 33 


direction 


The compound with the largest acid dissociation constant, compound B, is the most acidic. 
The pKa of compound A is 7 and that of B is 4. 


The reaction will lie to the right since methanol (рКа = 16) is a stronger acid than 
hydrogen (рКа = 35, the conjugate acid of sodium hydride). Alternatively, the hydride 
anion may be viewed as a stronger base than methoxide anion. 


ry) 


CH—0—H + Na Н ——= CH,—O № + HH 
methanol (pK, 16) hydrogen (pK, 35) 


The methyl carbanion has a single negative charge on carbon because it carries an extra 
electron compared to neutral carbon. The carbanion is a Lewis base because it can donate 
electrons to form a new covalent bond. It also can be called a nucleophile. The methyl | 
carbocation has a single positive charge on carbon because it is short one electron compared 
to neutral carbon. The carbocation is a Lewis acid because it can serve as an electron 
acceptor to form a new covalent bond. It also can be called an electrophile. 


= + 


Carbanion H—C-—H Carbocation H—C—H 

H H 
Formal Hydrogen =1-0-1=0 Formal Hydrogen =1-0-1=0 
Charge Carbon =4-2-3=-1 Charge Carbon =4-0-3=+1 


The formula weight of a compound with empirical formula С2Н5О is 
(2x12) + (5x 1) + (1x 16) = 45 


Division of this formula weight into the given molecular weight of 90 equals 2. Thus, the 
molecular formula is two times the empirical formula, or СаН1002. As а cross-check the 


molecular weight of such a formula is 
(4 x 12) + (10x 1) + (2x 16) = 90 
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The structures of the ethers can be derived by considering the structures of all of the С4Н10. 


compounds, and then deriving all possible structures in which an oxygen is inserted between 
two carbons. 


САН 10 C4H 100 
CH4CH;CH;CH, ------- =  CH,CH,O-CH,CH, 
and 


CH3-O-CH2CH2CH3 
ft 
CH;CHCH; (CH,),CH-O-CH, 


Therefore, there are three ethers of formula C4H10O. 
Boron (Z = 5) 1522522р1 
Aluminum (2. = 13) 1522522р63523р1 


Order of decreasing acidity is the order of increasing pKa: oxalic acid (1.3) > formic acid 
(3.8) > ascorbic acid (4.2) > acetic acid (4.8) 


H 

| | CH,— CH— CH, " 
(a) uu m (b) ‚1. (с) [= 
H 


oe 


© сњ—е—сњ © CH,CH,— 0 — CH;CH; 
:О: 


The hydrogen atoms in silane (SiH4) will have a higher electron density than the 
hydrogen atoms in methane (CH4) because carbon is more electronegative than the silicon 
(atoms higher in the periodic table are more electronegative than those below). The more 


electronegative carbon withdraws electron density from hydrogen in the covalent bond, 
leaving it relatively electron deficient. 


The electron configuration of silicon (2, = 14) is 1s22s22p63s23p2. The electron configuration 
in the outer shell is exactly analogous to that in carbon (which is directly above silicon in 
the periodic table). With four hydrogens to surround silicon, the most stable spatial 
arrangement is for them to be oriented to the corners of an imaginary tetrahedron. The outer 
shell atomic orbitals of silicon (principal quantum number 3) can hybridize to form four sp? 
hybrid orbitals. Overlap of each of these orbitals with a hydrogen atom 1s orbital would 


produce four sigma bonds oriented tetrahedrally about silicon and each carrying a pair of 
electrons. Thus, silane is a tetrahedral molecule. 
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1.42 


(a) Carbocyclic <> H ог 
о РЕТ ог [5— ocu, 


Heterocyclic С» ог | | ог | 1 
О 
ог А ог >< ог ре 


Н H 


(b Сагросусііс рм, НаегосусНе A or [| 


143 The electron configuration of nitrogen (2 = 7) is 1522522р3. If the four orbitals of the outer 
shell (a 2s orbital and three 2p orbitals) are hybridized four sp? hybrid orbitals will be 
produced. The five outer shell electrons will occupy these orbitals, two in one orbital and 
one in each of the remaining three orbitals. This produces a nitrogen whose configuration 
can be shown as follows: 


sz» dd E 1141 —й Hed 1 


17 27 three 2p? orbitals I? four sp? hyrid orbitals 


Covalent bonds are formed by sharing one electron with a single electron from three 
hydrogen atoms, the 1s orbital overlapping with the three half-filled sp? hybrid orbitals 
to form molecular orbitals, three sigma bonds. These three molecular orbitals are oriented 
to three of the corners of a tetrahedron, with the fourth “corner” containing the filled sp? 
hybrid orbital. This means the nitrogen and three hydrogens outline the shape of a 
pyramid. The two electrons in the filled sp? hybrid orbital are the “unshared pair” which 
endow ammonia with its basic/nucleophilic character. Thus the shape of ammonia is as 
follows: 
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у "М. Conceptual Problem 


Seek, Identify, and Synthesize: Paclitaxel 


n the early 1960s, the National Cancer Institute asked researchers to collect and analyze 

samples of indigenous plants in the hope of isolating substances that might some day prove 

effective in the fight against cancer. Researchers cast a wide net and among their catches was a 

chemical compound isolated from the bark of the Pacific yew. To test its medicinal properties, 
they placed the compound into some artificially preserved cancer cells—it killed the cells. They 
quickly set about to analyze this cancer-fighting substance: paclitaxel. 


Ш Can you determine the molecular formula of paclitaxel from the structure (shown in the text)? 
• Ans: The molecular formula of paclitaxel is СНА МО,, 


ША molecule of paclitaxel has 113 atoms in it. Does that suggest anything to you about how 
difficult it might be to synthesize in the laboratory? 

° Ans: The total synthesis of paclitaxel is a very complicated and extensive process, requiring 
not only the assemblage of the correct atoms in the correct sequence (i.e., the connectivities) but 
also the correct stereochemistry (orientation in space) at twelve different carbon atoms. It was 
achieved in 1994 almost simultaneously by two different research groups. 


ll Knowing what you do about organic compounds in general (as described near the end of this 
chapter), would you expect paclitaxel to be water-soluble? If not, what difficulties might that 
pose for doctors who wish to use this substance to treat their cancer patients? 


• Ans: Paclitaxel, although containing 15 electronegative atoms which can hydrogen bond 
with water, is predominantly a hydrocarbon compound (47 carbons and 51 hydrogens). 
Therefore, it is insoluble in water. Since the human system is mainly an aqueous one (for 
example, blood is mainly water) paclitaxel is insoluble in the major human transport system. 
Therefore, to be effective against tumors a unique delivery system is required to get the agent to 
the tumor site. 


Ш One of the biggest difficulties facing the research community working with paclitaxel was how 
little of it could be extracted from the bark of one yew tree—barely a gram. Not only that, but the 
tree was killed in the process of stripping the bark. It was clear that chemists would have to find 
a way to synthesize this compound in the lab. Researchers in France, working with the European 
yew, discovered in the needles of that kind of tree a compound that was closely related to 
paclitaxel. This substance could be used as the starting point of a "semisynthesis" that required 
just a few steps. 


W In addition to providing a relatively easy way to synthesize paclitaxel, what other advantage 
does use of the compound from the European yew have? 
• Ans: А significant advantage of using semisynthesis, starting with a product of the 
European yew needles, is that the tree is not sacrificed when the needles are harvested. In 
contrast the Pacific yew tree dies when its bark is removed to harvest paclitaxel. 
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2.1 Structure of Alkanes 
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2.2.2 Conformational Isomers 
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2.3.1 Unbranched Alkanes 
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2.4.1 Properties of Alkanes 

2.4.3 Sources and Uses of Alkanes 
Natural Gas 
Petroleum 


2.5 Cycloalkanes 
25.1 Nomenclature of Cycloalkanes 
2.5.2  Cis-Trans Isomerism in Cycloalkanes 
2.5.3 Polycyclic Alkanes 

2.6 Conformations of Cyclohexane 


2.6.1 Conversion of Cyclohexane Conformations 
2.6.2 Monosubstituted Cyclohexanes 
2.63  Disubstituted Cyclohexanes 


2.7 Reactions of Alkanes and Cycloalkanes 


2.71  Halogenation of Alkanes 
2.7.2 Combustion (Oxidation) of Alkanes 


his chapter introduces the family of alkanes (and cycloalkanes) which serves 

as the "parent" family of all organic compounds. The IUPAC nomenclature 

system is introduced. The concept of isomerism is developed and both con- 
stitutional and stereochemical isomers are described. 
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|. Learning Objectives 


e Know the structure of alkanes, the relationship of molecular formulas to structural formulas, and 
the general formula for alkanes (C,H),,,2)- 


• Derive the IUPAC names for alkanes and substituted alkanes with chains of up to twenty carbons. 
* Derive structural formulas from IUPAC names. 

• Know the historic names for alkanes up to СА. 

* Know the names for common alkyl groups. 


• Be able to describe and categorize conformational (rotational) isomers and draw them using 
Newman projection drawings and wedge-and-dash drawings. 


* Understand the non-polar nature of alkanes, the implication for physical properties, and the 
paucity of chemical reactions. 


* Know the nomenclature and structure of cycloalkanes and cycloalkyl groups. 


• Understand that cis and trans isomers of cycloalkanes represent a kind of configurational iso- 
merism. Differentiate between cis- and trans- isomers of cycloalkanes. 


* Use the chair conformation of cyclohexane to describe its conformational conversion. 


* Identify axial and equatorial substituents in cyclohexanes and determine the relative stability of 
the two possible conformations of a mono-substituted cyclohexane. 


e Recognize cis- and trans- di-substituted cyclohexanes and their conversion of conformation. Be 
able to identify the most stable configurational isomer and the most stable conformation. 


* Write a balanced equation for the combustion of any alkane or cycloalkane. 
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Ти. Glossary 


acyclic hydrocarbon a hydrocarbon that does not contain any rings 


aliphatic hydrocarbon a saturated hydrocarbon comprised mainly of chains or rings of carbons and 
the requisite number of hydrogens 


alkanes a family of saturated hydrocarbons. Acyclic members have the general formula СН, 
while cyclic members (cycloalkanes) have the general formula C,H,,, 


alkyl group the structural unit remaining when a hydrogen is removed from an alkane 


angular strain an increase in the energy level of a compound (that is, destabilization) resulting from 
carbon-carbon bonds forced to have bond angles significantly different from tetrahedral (109.5°) 


axial bond a bond on a cyclohexane ring which extends approximately parallel to an axis and per- 
pendicular to the average plane of the ring 


branched alkane an alkane in which not all of the carbons are in a continuous chain 


chair conformation a conformation of cyclohexane in which the carbon skeleton approximates the 
shape of a chair and all bond angles are 109.5?. There are six axial and six equatorial carbon-hydro- 
gen bonds, one of each on each carbon 


cis/trans isomers stereoisomers that have their substituents attached to opposite sides of a fixed 
plane of reference such as a ring. 


combustion the complete oxidation of an organic compound, usually an alkane, to form carbon 
dioxide and water, producing energy in the process 


configurational isomers stereoisomers that cannot be interconverted other than by breaking of 
bonds 


conformational isomers stereoisomers that can be interconverted by rotation about one or more 
sigma bonds 


conformers conformational isomers 


constitutional isomers compounds that share the same molecular formula but have different bond 
connectivities 


conversion of conformation the simultaneous rotation of six carbon-carbon bonds that converts a 
chair conformation of cyclohexane into a different chair conformation. All original axial bonds are 
converted into equatorial bonds and vice-versa 


cyclic hydrocarbon a hydrocarbon which includes at least one ring of carbon atoms 
cycloalkane an alkane in which two ends of a chain are joined to form a ring 


1,3-diaxial interactions the steric interaction between an axial substituent on carbon 1 of 
cyclohexane with axial hydrogens or axial substituents on carbons 3 and 5 


eclipsed conformation substituents on adjacent carbons are aligned parallel to each other 


equatorial bond а bond on a cyclohexane ring which extends approximately 109.5? to an axis per- 
pendicular to the average plane of the ring 
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halogenation a chemical reaction in which a hydrogen atom of an alkane is replaced by a halogen 
atom, producing an alkyl halide | 


heat of combustion the net energy evolved when a compound is combusted (oxidized) to carbon 
dioxide and water 


homologous series a series of compounds of the same family differing from each other by a com- 
mon structural unit, usually by a methylene (CH,) group 


hydrocarbon a compound containing only carbon and hydrogen 
isomers compounds that share the same molecular formula but have different structural formulas 


Newman projection a means of representing the three dimensional structure of a compound 
emphasizing the view along a carbon-carbon bond and the orientation of substituents on the two 
carbons 


nomenclature a system for assigning names to compounds 


octane rating a numeric comparison of the combustion characteristics of gasolines. 
2,2,4-Trimethylpentane is assigned an octane rating of 100 and heptane is assigned a rating of 0 


parent name the stem name plus suffix for a compound. Names of other compounds may be 
derived from the parent name 


saturated hydrocarbon a hydrocarbon containing only single bonds 


staggered conformation substituents on adjacent carbons are oriented in a direction 60° off parallel 
to each other 


stem name the part of an alkane name that indicates the number of carbon atoms involved in the 
chain 


stereoisomers compounds that share the same molecular formula and the same bond connectivities 
but have different spatial arrangements of atoms or groups 


steric effect (strain) an increase in the energy level of a compound (that is, destabilization) resulting 
from repulsion between two groups that are too close together 


straight chain alkene an alkane in which all of the carbons are in a continuous chain (that is, there 
are no branches) 


substituent a group or atom that can be attached to a parent compound in place of a hydrogen 
atom 


suffix the ending of a name that indicates the family to which the compound belongs (e.g., -ane 
designates alkane) 


tetrahedral hybridization the hybridization of a single s orbital and three p orbitals to form four 
sp? hybrid orbitals which are directed to the corners of an imaginary tetrahedron 


torsional strain an increase in the energy level of a compound (that is, destabilization) resulting 
from carbon-carbon bonds carrying eclipsed substituents 


waxes long chain alkanes, such as C,7Hs, found on apples, are waxes 
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| IV. Solutions to Problems 


For "How to Solve a Problem," review pages 42, 43, 52, 55, 60, and 67 in the text. 


2.1 
H H 
replace Hg replace Нл у. 
with СНз р with CH; 
CH, Hye H HOS 
Н КЄ H н А н CH, 
I (ethane) methane II (ethane) 


I and П are identical as can be seen by rotating II about its vertical 
axis 120° after which I and II appear superimposable on one another. 
It follows that H4 and Hg are equivalent. 


2.2 Using the general formula for alkanes, CnH2n42, the formulas are (a) С7Н16, (b) C16H34, 
(с) C30H2, and (d) C100H202. 


2.3 The pentanes have the molecular formula C5H12. There are only three different patterns 
by which five carbon atoms can be connected and from them can be derived the condensed 


formulas. 
C C 
| | 
с—с—с—с—с c—c—c—c c— c—c 
| 
C 
CH;CH;CH;CH;CHs (CH,),CHCH,CH, (СНС 


2.4 


CH4(CH;4CH, (CH), CH(CHj); CH, (CH,CH,),CHCH, 
(CH3),CHCH(CHs)2 (CH3);CCH2CH3 
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2.5 Constitutional isomers must have the same molecular formulas, differing only in the 
connectivities. The pairs of constitutional isomers are as follows: 


compounds a and h (both have formula C5H12); 
compounds b and c (both have formula C6H4); 
compounds d and f (both have formula C4H10); 
compounds e and g (both have formula C3H7CI). 


2.6 The most stable conformation has the largest groups, chlorine in this instance, oriented in a 
staggered conformation, minimizing their interaction. The least stable conformation has 
the same groups oriented in an eclipsed conformation with maximum interaction. 


CI 
H H Dx H H 
Most stable те 
H H H 
а 
а 
H H H 
Least stable a H = 
Cl 
H H 
Cl а 
СІ 
Newman projections Sawhorse view 
2.7 
CH2CH CH; CH,CH; 
H H H H 
(a) СН+-СН;-СН»›-СН›-СН» (b) (c) 
H H H H 
H CH; 


2.8 (a) 2,2-dimethylbutane; (b) 2-methylpentane; (c) 2-methylpropane 


(a) —- (b) "P S (c) odo сада 


2.10 (а) CH3CH2CH(CH3)CH2CH3; (b) (CH3)3CCH2CH2CH3 


2.9 
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2.11 
2-methylpentane (CH35;CHCH;?CH;CH, 
f^ 
(CH4);CHCH;CH;CH, — (CH,;),CH— nm CH,CH, CH;— re CH,CH,CH, 
primary secondary tertiary 


212 The least compact structure (hexane) should be the highest boiling compound and the most 
compact structure (2,2-dimethylbutane) should be the lowest boiling compound. The boiling 
points decrease in the order 


hexane 2-methylpentane 2,3-dimethylbutane 


213 (а) methylcyclopropane; (b) L2-dimethylcyclopentane; (с) 1,1-dimethylcyclohexane; 
(d) 3-cyclopropylpentane 


И с 5 © >< 
ШЕ O mnm г d 
try Vy x 


2.17 


2.18 


2.19 
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H H H 
H H CH, H 
H H CH; H 
H СН» H 
equatorial methyl group а axial methyl group 
(more stable) (less stable) 


There is a 1,3-diaxial interaction between the axial methyl group and hydrogen atoms on 
carbons 3 and 5 which is absent in the equatorial conformer. 


The relative proportions existing in the equatorial conformation will be a function of the 
size of the substituents, the bulkier substituent being less hindered when attached in an 
equatorial position. Therefore, the proportion of each compound existing in the equatorial 
conformation should be in the following order: 


isopropylcyclohexane > n-propylcyclohexane 
t-butylcyclohexane » isopropylcyclohexane 
isopropylcyclohexane » methylcyclohexane 


In 13-dimethylcyclohexane the diaxial isomer is obviously сїз - both methyl groups are on 
the same side of the ring, oriented in the same direction. Therefore, the trans isomer must 
have one group equatorial and one group axial. In 1,4-dimethylcyclohexane the diaxial 
isomer is obviously trans - the methyl groups are oriented in opposite directions. Therefore, 
the cis isomer must have one group axial and one group equatorial. 


CH; 
Lf == V Гре n CH; NN 
H3 ———— 
CH, PIS 
cH, CH; CH; 


(a) trans-1,3-dimethylcyclohexane (b) cis-1,4-dimethylcyclohexane 


Trans-1,4-dimethylcyclohexane is more stable than the cis isomer because in the former 
there exists one conformation in which both methyl groups are in the less hindered 
equatorial position. In the cis isomer both conformations have one of the methyl groups in 
the axial position, a position with larger steric hindrance. 


CH; 
LT VA Lu 07A 
3 — 


CH, CH; CH; 
trans-1,4-dimethylcyclohexane cis-1,4-dimethylcyclohexane 
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2.1 The technique for balancing an oxidation equation is to determine the number of carbons in 
the substrate (5 in the case of 2-methylbutane, C5H12) and use that same number for the 


number of molecules of СО? to be produced (since each carbon will appear in the form of 
CO»). Then determine the number of molecules of water produced by deducing the 
multiplier needed (6) to account for all of the hydrogens in the substrate (12). Finally, total 


up the number of oxygens in the products (16) and assign the necessary multiplier (8) to the 
oxygen molecules required. 


(CH4;CHCH;CH, (2C,Hj + 80, ==  5CO; + 6H,0 


2.22 (а) C30H62; (b) С8Н18; (c) С22Н46 


2.23 
rrt Г 
H H H H H H—C— C—C—H e ci 
ен ее 
н— C— c—C—C—C—H — с сф 
Ld et H—C—H к t "à Г ч 
H H H H H | H | H 
H—C—H e 
| ж H 
Ho x H 
CH4CH;CH;CH;CH; (CH3);CHCH;CHs (CH3)4C 


Wn E s -+ 
2.24 (а) CeH14; (b) C5H12; (c) C7H16 


2.25 The two bromines can be oriented anti, gauche, or eclipsed. 


Br Br Br Br 
H H Br H 
H H H H " ^ 
Br H 
Br Br Br Br Br 
Над 
oun H кН H wy «7 H 
H B н н н 


2.26 For each of the two conformations shown, the first two drawings are the usual 
representations when interactions between hydrogens are of relatively minor concern 
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compared to the interactions involving methyl groups. The third structure in each case is 
used when hydrogen-hydrogen interaction is a concern 


CH 
5 H CH; 
H H Hy, 
Most stable a Ё 
сопѓогтайоп н н УН 
Сн, H 
H,C CH, 
Least stable 


CH; CH; 
conformation H H 2 H 
H H H H 
2.27 


The anti-conformation shown is the most stable of the possible conformations because (a) it 
has the two largest groups (F and Cl) oriented in opposite directions, and (b) because all of 


the substituents on carbon have a staggered relationship to each other. 


F 
F 
Е Xx | = B О, 
й Р v H 
а H 
CI 


2.28 | Compounds (a) and (с) are identical. Compounds (b) and (d) are two different constitutional 
isomers of (a). 
2.29 
CH; CH, ст СН; н CH, 
H H Cl H 
H H 
H H H H H H H H 
CI H cl 
H 
, Б _ $ HN “24 as) %, 
Е H = H 
x: HH n 8 H Ci 
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2.30 


2.31 


2.32 


2.33 


2.34 


2.35 


2.36 
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primary ——á CH 
3 


CH, — сњ— CH— CH;— CH, < primary 


Ты 


tertiary secondary 


(a) p. di didi (b) x (c) bd dd 
(d) d (е) ые y 


(a) (CH3)3CCH2CH(CH3)CH2CH2CH3 (b) (CH3)3CCH(CH3)2 
(c) CH3CH2CH2CH(CH(CH3)2)(CH24CH3 (d) (CH3CH2)3CCH2CH2CH3 
(e) CH3(CH2)2CH(C(CH3)3)(CH2)3CH3 


(a) 1-isopropyl-1-methylcyclohexane; (b) cis-1,3-dimethylcyclohexane; 
(c) 1-ethyl-3-methylcycloheptane; (d) cis-1-t-butyl-4-methylcyclohexane; 
(e) cyclopropylcyclopropane; (f) trans-1,2-dimethylcyclobutane 

(a) 2,6-dimethylheptane (CoH20); (b) 2,3-dimethylhexane (CgH 18); 

(c) 2,2-dimethylbutane (C6H14); (d) 3-ethylpentane (C7H16); 

(e) 2,3-dimethylpentane (C7H16); (f) 4-ethyl-2-methylhexane (CoH20) 


(c) b (d) ee (e) a 


а 


OH, 


Cl CoH; ~ Br 
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(а) m СН; -= eS 
Н;С› 


он C2H5 
These conformations are equally stable 


Cl 


Cl 
The left (di-equatorial) conformation is the more stable 


CH; (CH3)3C 


The left conformation, with the largest group 
in the equatorial position, is the more stable 


The chair form is the more stable (i.e., of lower energy). In the chair form the hydrogens 
all are in staggered positions with respect to adjacent hydrogens whereas in a planar 
conformation the hydrogens are eclipsed, creating torsional strain. The chair form has 
ideal carbon-carbon bond angles of 109.5°, whereas the planar form has bond angles of 120°, 
larger than the ideal angle for tetrahedral carbon, thereby inducing angular strain. 


Нн 


H 


Planar cyclohexane with eclipsed hydrogens and 120? C-C-C bond angles 
The 1,3-diequatorial conformation (on the right) of cis-1,3-dimethylcyclohexane is the 


more stable of the two because the bulky methyl groups are equatorial. In the diaxial 
conformation there is steric hindrance between the two methyl groups. 
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2.40 


2.41 


2.42 


2.43 


2.44 


2.45 


2.46 


Chapter 2 Alkanes 


The more stable stereoisomers are (a) trans-1-isopropyl-2-methylcyclohexane, 
(b) cis-1-isopropyl-3-methylcyclohexane, and (c) trans-1-isopropyl-4-methylcyclohexane. 


CH; 


The molecular formula cannot have more than six carbons (if it had seven the formula 
weight of the carbons is already 84 without even counting the hydrogens!). Thus, the 
molecular formula must be C6H14 [MW = (6 x 12) + (14 x 1) = 86]. The structural formula is 
one of the following five isomers: 


we SARs le. e a 


The first isomer (hexane) has the least compact structure and therefore the highest boiling 
point (69°) while the last isomer has the most compact structure and therefore the lowest 
boiling point (50°). 


The nonane will be found floating on top of the water. The reasons are that the 
hydrocarbon is insoluble in water (it is non-polar), and that hydrocarbons are less dense 
than water, and therefore are the top layer. 


Straight run gasoline has an octane rating of about 70 which is well below that (85-95) 
required for a modern internal combustion engine. The lower octane rating means the 
gasoline undergoes combustion too early in the cylinder, exerting a pressure back on the 
cylinder head before it has reached the top of its stroke. This causes "knocking" and lowers 
the power output of the engine. 


The members of the homologous series, each differing by a CH2 group from the next closest 
member of the series, are hexane (CH3(CH2)4CH3), heptane (CH3(CH2)5CH3), and 
octane (CH3(CH2)6CH3). 


HO R 
B-D-Glucose HO 
HO OH 


OH 


In the case of the dimethylcyclohexanes the most stable stereoisomer in each case will be 
that with both methyl groups in equatorial positions. For the 1,2-disubstituted isomer such 
is the case for the trans isomer, for the 1,3-disubstituted isomer such is the case for the cis 
isomer, and for the 1,4-disubstituted isomer such is the case for the trans isomer. 


29 


2.47 


2.48 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


(a) The substituent order is not alphabetic. The correct name is 
1-ethyl-2-methylcyclohexane. 


CH; 
C2H5 


(b) The longest straight chain is not a butane unit. The correct name is 2-methylpentane. 


B sen 


(c) This name mixes historic (isobutane) and IUPAC (1-chloro-) nomenclature. It should be 
named either isobutyl chloride (historic) or 1-chloro-2-methylpropane (IUPAC). 


“үа 


(d) The numbers assigned to substituents are not the lowest possible. The correct name is 


1,2-difluoropropane. 
b: d F 
F 


(e) The lowest possible numbers are not used. The correct name is 


1,2-dimethylcyclopentane. 
Q= 


CH; 


(f) The longest chain is not a pentane. The correct name is 3-ethyl-3,5-dimethylheptane. 


"o 


The technique for balancing an oxidation equation is to determine the number of carbons in 
the substrate and use that same number for the number of molecules of СО? produced (since 


each carbon will appear in the form of CO2). Then determine the number of molecules of 


water produced by deducing the multiplier needed to account for all of the hydrogens in the 
starting compound. Finally, total up the number of oxygens in the products and assign the 
necessary multiplier to the oxygen molecules required. 


(a) CHo + 750, —— 5CO, + 5H,0 


(D СНз + 1250; —— ——» 8CO, + 9H,0 
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There are only three constitutional isomers of molecular formula C5H12. Draw each and 
match them to the description of hydrogens. 


(a) (CH, ne — (b) (CH, ),CHCH,CH, у 


(с) CH4CH;CH;CH;CH; м.м 


Two kinds of representations тау be employed, with the second being the more common. 


CH; CH; 
<> 
Cl CH, Cl cl с! CH; 
CH(CH;), CH(CH55 


" “CH 
CI w( ch, cie ( ma CH; А сн, c" 2 "ем 


У $ 


S ~ 
CH(CH3)2 CH(CH3) CH(CH3) CH(CH5) 


(a) constitutional isomers; (b) configurational isomers; (c) conformational isomers; 
(d) configurational isomers; (e) constitutional isomers; (f) conformational isomers. 


There are four constitutional isomers (in this instance positional isomers) of chlorobutane as 
shown below: 


CH3CH2CH2CH2Cl CH3CH2CHCICH3 (СНЗ)2СНСН2С! (CH3)3CCl 


Cl 
а 
Cl Cl Cl 
5 р а а Cl 
, 3 cI“ NX 4 а 
а 1 3 === Cl 
1 2 а 
Cl а Cl 
y-Gammexane These are the two possible conformations. However, note that 


they are identical. Therefore, there exists only a single 


conformation of y-gammexane. 
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зу. Conceptual Problem 


"Mining" Methane: The Simplest Alkane 


he combustion of methane gas in the presence of oxygen gas produces carbon dioxide gas and 

water—this is the reaction that occurs in a gas furnace. The reaction is exothermic and is a 

clean and efficient source of energy. Methane is most readily obtained as part of the 

natural gas from gas or oil wells, but it can also be produced, along with steam, from the 
exothermic reactions of a mixture of carbon monoxide gas and hydrogen gas (synthesis gas). This 
mixture of two gases is produced by passing steam over coal (carbon), in an endothermic process 
called coal gasification. The natural gas company you work for is exploring the possibility of 
investing in coalbed steam technology. This technology would effectively ^mine" the methane that 
is currently considered just a dangerous by-product of coal mines. 


Ш Starting with steam and coal, write the two balanced chemical reaction, that lead to the 
production of methane. Indicate whether each reaction is endothermic or exothermic. 


C + HO — CO + Н, (endothermic) 
СО + ЗЊО —— CH, + H,O (exothermic) 


Ш What factors would you need to consider to determine the practicality of producing methane in 
this way? 

* Ans: The practicality of producing methane by this process would be determined, in part, by the 
cost for the coal, whether the exothermicity of the second reaction exceeds the endothermicity 
of the first reaction, whether the exothermicity of the second reaction could "fuel" the 
endothermicity of the first reaction, and the ability to engineer the combined processes. 


Ш What if, in addition to methane, ethane and propane were also produced by the reaction of 
carbon monoxide gas and hydrogen gas? What could happen to them in the presence of oxygen? 


* Ans: If ethane and propane were produced and they, along with methane, were combusted, 
carbon dioxide and water would be the products, the same as from the combustion of methane. 


CH,+ 20, — CO, + 2H,O 
C;H,* 3.50, — 2CO,* зно 
СН, + 50, — 3CO,* 4H;O 


№ What happens if the coal used in coal gasification contains an impurity, such as sulfur? 


* Ans: If the coal contained sulfur as an impurity there would be no reaction with the water 
(steam). If any oxygen were present the sulfur would be oxidized to sulfur dioxide which would 
be converted to sulfurous acid through reaction with water. If oxygen were absent, the hydrogen 
present in the synthesis gas would convert sulfur to hydrogen sulfide. 
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Alkyl Halides (Haloalkanes) 


|. Textbook Chapter Contents 


3.1 Nomenclature 


3.11 TUPAC Nomenclature 
31.2 Historical/Common Names 


3.2 Physical Properties of Alkyl Halides 


3.21 Bonding 
3.22 Other Properties 


3.3 Introduction to Enantiomers 


331 Chirality 

Enantiomers 

Stereocenters 
3.3.2 Configurations of Enantiomers 
3.3.3 Determining Substituent Priorities 


3.4 Substitution Reactions with Alkyl Halides 


3.4.1 | Mechanism of the SN2 Reaction 
Rate of Reaction 
Energetics 
Stereochemistry 
Alkyl Group Reactivity 
Effect of Leaving Group 
Effect of Nucleophiles 
Effect of Solvent 
3.4.2 Complications with Nucleophilic 
Substitution of Tertiary Alkyl Halides 
3.43 Mechanism of the SN1 Reaction 
Rate of Reaction 
Energetics 
Stereochemistry 
Effect of Leaving Group 
Effect of Solvent 
Effect of Alkyl Group 
344 Comparison of SN1 and SN2 Mechanisms 


3.5 Other Reactions of Alkyl Halides 
3.51 Synthesis of Organometallics 
Organolithium Compounds 
Grignard Reagents (Organomagnesium 
Compounds) 
Lithium Dialkyl Cuprates 
3.5.2  Alkanes from Organocuprate Reagents 
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3.6 Important Alkyl Halides 


3.61 Anesthetics 

3.6.2  Solvents 

3.63 Refrigerants 

3.64 Fire retardants 

3.65 Insecticides 

3.66 Medicinal Compounds 

3.6.7 Naturally Occurring Alkyl Halides 


his chapter introduces alkyl halides (haloalkanes), compounds in which one or more halogen 
IE have replaced hydrogen atoms in a parent alkane structure. The halide is the functional 

group of the family. The concepts of chirality, reaction mechanisms, and organic synthesis are 
introduced. The first type of chemical reaction, a substitution reaction, is introduced. The first type 
of reactive intermediate—the carbocation—is introduced. 


Пи. Learning Objectives 


* Know the IUPAC nomenclature of haloalkanes and the common nomenclature for simple alkyl 
halides. 


* Be able to distinguish chiral and achiral compounds, and identify a stereocenter, an enantiomer, 
and a plane of symmetry. ; 


* Determine and designate the absolute configuration about a stereocenter. 

* Know the nucleophilic substitution reactions of alkyl halides. 

* Know the S41 and Sy2 mechanisms for nucleophilic substitution reactions, including the meaning 
of transition state, reactive intermediate, leaving group, rate-determining step, reaction energy 


profile, backside attack, racemization, and inversion of configuration. 


* Be able to describe the structure of a carbocation, its hyperconjugative stabilization, and the 
relative stability of different alkyl carbocations. 


* Be able to differentiate between a primary, secondary, and tertiary halide using the silver nitrate 
and sodium iodide tests. 


* Know the structure and preparation of the three organometallic compounds — organolithium 


compounds, Grignard reagents (organomagnesium compounds), and organocuprate compounds 
(lithium dialkyl cuprates). 


* Write equations for the synthesis of alkanes using an organocuprate reagent and an alkyl halide. 


Chapter 3 Alkyl Halides (Haloalkanes) 


* Write equations for the conversion of alkyl halides into alcohols. 


* Become comfortable with the use of arrows to indicate bonds being broken or formed and the 
accompanying electron shifts when writing reactions and their mechanisms. 


* Begin to learn how to analyze synthesis problems and deduce appropriate solutions. 


All. Glossary 
absolute configuration the actual arrangement of four substituents about a stereocenter represent- 
ed by the symbols R or S 


achiral compound a compound not having the characteristic of handedness—its structure is 
superimposable on its mirror image and usually has a plane of symmetry 


alkyl halide a compound derived by replacing a hydrogen of an alkane by a halogen 


aprotic solvent a solvent lacking a polar X-H bond and which therefore cannot form hydrogen 
bonds 


backside attack the approach of a nucleophile to a carbon from the side opposite that from which 
the leaving group departs 


carbanion a carbon atom that is negatively charged, has three substituents, and an unshared pair of 
electrons 


carbocation a carbon atom that is positively charged, has three substituents, and a vacant p-orbital 


chiral compound a compound having the property of handedness. #5 structure is 
non-superimposable on its mirror image 


chirality the property of handedness. The object is not superimposable on its mirror image 


concerted reaction a reaction in which two changes occur at approximately the same time rather 
than in sequence 


E1 reaction a unimolecular reaction in which X leaves an alkyl group to form a carbocation; H is 
then abstracted from the carbocation to form a double bond 


E2 reaction a bimolecular concerted reaction in which H and X leave to form a double bond 


elimination reaction a reaction in which two substituents on adjacent carbons leave and a double 
bond is formed in their place 


enantiomers two stereoisomers that are chiral and that have an object-mirror image relationship; 
they each have the property of rotating a beam of plane polarized light 


energy of activation the energy required to bring a ground state reactant to the transition state 


Grignard reagent an organomagnesium bromide reagent whose complex structure is simplified to 
be represented as RMgBr 


haloalkane a compound in which a halogen has replaced a hydrogen in an alkane 
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hyperconjugation the sharing of electron density from carbon-hydrogen sigma bonds with an 
adjacent site of electron deficiency, typically a carbocation 


inversion of configuration a stereocenter changing from one absolute configuration to the opposite 
absolute configuration during the course of a reaction 


leaving group an atom or group which departs or is displaced during a substitution reaction 
lithium dialkyl cuprate an organometallic reagent represented as R,CuLi 

nucleophilic substitution a reaction in which a nucleophile has replaced a leaving group 
organolithium compound a reagent in which lithium is bonded to a carbon (R-Li) 
organometallic compound а compound in which a metal is bonded to a carbon (R-metal) 


plane of symmetry an imaginary plane through a compound in which one half is the mirror image 
of the other half. Such compounds are not enantiomers (that is, they are superimposable on their 
mirror images) 


polarizability the ease with which a pair of bonding electrons are shifted or moved 
protic solvent a solvent with a polar Х-Н bond, which therefore can form hydrogen bonds 
R a symbol used to represent alkyl groups in general 


К enantiomer a description of the absolute configuration of one enantiomer; substituents, which 
can be assigned priority labels, are arranged about the stereocenter such that their priority sequence 
decreases in a clockwise direction. 


racemate а 50:50 mixture of two enantiomers 

racemic mixture а 50:50 mixture of two enantiomers 

racemization the conversion of an enantiomer into a racemic mixture 

rate of reaction the speed with which a reaction occurs; is represented by a rate equation 


rate-determining step the slowest step in a multi-step reaction; the overall reaction cannot occur 
faster than this slowest step 


S enantiomer a description of the absolute configuration of one enantiomer; the substituents, which 
can be assigned priority labels, are arranged about the stereocenter such their priority sequence 
decreases in a counter-clockwise direction 


$ 41 reaction a unimolecular reaction in which a leaving group departs, leaving behind a 
carbocation as a reactive intermediate, that reacts with a nucleophile to form a substitution product 
with racemization of configuration 


5 42 reaction a bimolecular concerted reaction in which a nucleophile displaces a leaving group ina 
backside attack to form a substitution product with inversion of configuration 


side reaction a reaction, other than the desired reaction, occurring side-by-side the desired reaction 
and under the same experimental conditions, producing a by-product 


solvolysis a substitution reaction, most often Sy1, in which the solvent also serves as the 
nucleophile 
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steric effect the effect on a reaction exerted by the spatial requirements of substituents, usually to 
decrease or increase the reaction rate 


stereocenter a carbon atom with four different groups attached 


stereospecific reaction a reaction that occurs with predictable stereochemistry and/or during 
which the stereocenter does not racemize 


substrate a compound undergoing a reaction 


substitution reaction a reaction in which one atom or group, called the leaving group, is replaced 
by another group 


transition state a mid-point in a reaction at which the structure of the reactant is at its highest 
energy level 


trigonal hybridization the hybridization of a single s orbital and two p orbitals to form three sp? 
hybrid orbitals directed to the corners of an imaginary equilateral triangle, with an unhybridized p 
orbital oriented perpendicular to the plane of the triangle 


IV. Summary of Reactions of Alkyl Halides 


NaOH ! 
] —C— OH Alcohol 
Ether — С — OR | 
| 
NaOR —C-— OR Ether 
ROH 
Sul | 
| | Д NaSH —C—SH Thiol 
3° Alkyl halide mi an —c-x 5&2 
| 
н.о 1° or 2? Alkyl halide 
Sy! 
| 
Alcohol 7 f — OH 
g Li | Cul | 
—C-— MgBr -—— С-В —— a m — E. CuLi 
2 
Alkyl halide | H'/H0 
H'/HO | Ж | | | 
—( — H'/H5O R-Br 
C H 2 E — R 
Alkane Alkane 
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iv. Solutions to Problems 


For "How to Solve a Problem", review pages 77, 81, 83, 88, 89, 94, 96, 102, and 108. 


Br 

а 
(а) = (b CH;CF,CH)CH; (с) { 
Ко 


а 


3.1 


3.2 (a) 1,1-difluorocyclopropane; (b) 1-iodo-2,2-dimethylpropane; (c) triiodomethane; 
(d) 2-bromo-4-chloro-6-methylheptane 


3.3 
Cl 


(а) СНЕ (Ы A (c) b Br (d) CHI, 
Br 


3.4 The boiling point sequences are (a) ethyl chloride > methyl chloride; (b) isopropyl iodide 
> isopropyl fluoride; (c) cyclohexyl chloride > cyclopropyl chloride 


3.5 The following objects are chiral because their mirror image is not superimposable on the 
object: automobile, ice skate, shoe, boombox, computer keyboard, computer monitor case. 


3.6 The stereocenters are marked with an asterisk. 
(none) (none) (none) 
о Ст © a4 o P< 
ж 
сн; ЕЕ (попе) 


3.7 


3.8 


3.9 


3.11 
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The following compounds, the only ones with a stereocenter, will exist as a racemic mixture: 
1-iodo-2-methylpentane and 1-bromo-3-fluorocyclohexane. The remainder do not have a 
stereocenter and are therefore not chiral. 


pops *- Br 
* 
F 
1-Iodo-2-methylpentane ]-Bromo-3-fluorocyclohexane 


(a) The priority assignments for the groups attached to the stereocenter in 3-bromohexane 
are as follows: a = bromine, b = propyl, c = ethyl, d = hydrogen. Viewing the molecule 
along the C-H axis (that is, from below the drawing) indicates the a to b to c direction is 
clockwise. Therefore, the structure is (R)-3-bromohexane. 


H H 
(a) mA (b) 
С›Н; WS А Cl a 
C3H; ` r CHS CH,CH,Cl 
(R)-3-bromohexane (R)-1,3-dichloropentane 


(b) The priority assignments for the groups attached to the stereocenter in 
1,3-dichloropentane are as follows: a = chlorine, b = chloroethyl, с = ethyl, d = hydrogen. 
Viewing the molecule along the C-H axis (that is, from below the drawing) indicates the a 
to b to c direction is clockwise. Therefore, the structure is (R)-1,3-dichloropentane. 


H H H 
(a) 20 (Ы) (с) 
C2H5 єй C,H, "3 F CH, «3 
CH; OH сн CH,Cl Кы SH 


(a) sodium iodide; (b) sodium hydroxide; (c) sodium acetylide (НС== С: Ма’) 


NaOH KCN 
<> он ~«—— (а) ФЕ (b) = ФЕ 


() (у © 


CH,Li CH3SNa 
КОН 
<> CH, <> нз 
c= СН 
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3.12 5\2 reactivity sequences are: 


(a) cyclohexyl bromide > cyclohexyl fluoride; the bromide is a better leaving group than 
fluoride because it is more polarizable. 


(b) n-butyl bromide > t-butyl bromide; the n-butyl group is more easily substituted because, 
being primary, there is less steric hindrance to backside attack than in t-butyl bromide. 


(c) 1-iodopentane > 2-iodopentane; 1-iodopentane is a primary halide whereas 
2-iodopentane is secondary. The primary halide has less steric hindrance to backside 
attack by a nucleophile. 


3.13 
(a) I+ ccce —Cl > CH,CH,CH,CH;-1 
€) с PN C - Qo (Ch) 
Cl + I -Cl 
—————»— 
PN 2 i 
3.14 
NaOH 
о Qa SS Chon 
C2H5 C2H5 
e 4 pen 
an) 1 NaCN NC | 
Н H 
SH 
C NIA Ste cme ДҮ 
Br 
CH; 
ОН, 4 CH; 
@ A м jf 
а 
H 
H 
3.15 


(a) The secondary isopropyl carbocation is more stable than the primary n-butyl 
carbocation because of more hyperconjugative stabilization in the former (6 hydrogens vs 2); 


40 


3.16 
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(b) the t-pentyl carbocation is more stable than the secondary cyclopentyl carbocation 
because of more hyperconjugative stabilization in the former (9 hydrogens vs 4); 


(c) The tertiary carbocation from 2-chloro-2-methylpentane is more stable than the 
secondary carbocation from 2-chloropentane because of more hyperconjugative stabilization 
in the former (8 hydrogens vs 5); 


(d) the secondary carbocation from 2-bromobutane is more stable than the primary 
carbocation from 1-bromobutane because of more hyperconjugative stabilization in the 
former (5 hydrogens vs 2). 


(a) The t-butyl carbocation forms faster from t-butyl bromide than from t-butyl chloride 
because of the higher polarizability of bromine than chlorine and the lower bond strength 
of bromides than chlorides, both factors resulting in bromide being a better leaving group 
than chloride; 


(b) The carbocation forms faster from 1-iodo-1-methylcyclopentane than from 
iodocyclopentane because the former produces a tertiary carbocation and the latter produces 
a secondary carbocation. The tertiary carbocation is more stable due to increased 
hyperconjugation (7 vs 4 hydrogens). 


(à) -CHCHBrCH-CH;CH, — OH > — cu cHOH-CH, CH, CH, 

H H H 

Nal KOH 

(b) = 1 № НО 

7 CH 3 CH 3 S » CH 3 

СН 5 CH 5 CH 5 
(R) (S) (R) 
> NaOH 
$ 
а 
NaCN 


(d) (CHj,CBrCH,CH,CH, ———3»  (CHjjC(CN)CH;CH;CH, minor 
+ 


(CH3;C-CHCH;CH, major 
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3.18 
" | 
(à) | CH,CH,CH,CHjBr — E» ^ СЊСЊСЊСЊМеВг 
(b) C»x» – (Yu + LiBr 
| н.о 
(с) [>= Sh Du — > + LiOH 
3.19 


(a) LiCu(CH3)2 + (Ув — (сы, 


(D LiCu(C,Hs)) +  (CHjC-Br —— > (СН»С=СН, 
(с) ССН + CH,CH,CH,CH,Br ———» C cath 


3.20 АП of these syntheses are of alkanes. Therefore, a synthesis must involve the joining 
together of two alkyl groups. One alkyl group can arise from an alkyl bromide. The other 
can arise in the form of an organometallic reagent, effectively supplying a carbanion which 
can carry out an SN2 reaction on the alkyl bromide. 


() CHBr + Li Me сны Se исщсн,, 


(сы, g {в 


(b) There are several possible combinations of organocuprate reagents and alkyl halides 
that could be employed in this synthesis, only one of which is shown below. In choosing 
your synthesis, draw a dotted line through the desired product structure to identify the two 
necessary fragments which must be joined together. 


А dip dn 
p l-Li, ether g Coli —— НЕ ld dion 
2. Cul 4 


(c) | Br 1. Li, ether CuLi Br 
2. Cul 2 


3.21  (a)cis-1-fluoro-2-iodocyclopropane; (b) trans-1,4-dibromocyclohexane; 
(c) 2,4-dichlorohexane; (d) 2,2-dichloro-3-methylbutane 
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3.22 


3.23 


3.24 


3.25 


3.26 


3.27 


3.28 
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(à CLFC-CH,CH-Br (b) ФЕ (с) “^^ 


Е 
а CI 


(d) AAA (е) CH,CHCICH, (0 (СЊУС-Е 
cl 


The following compounds have a stereocenter with its position as indicated: 
2-iodohexane (C2); 1,2-dichlorocyclohexane (C1 and C2); 3-fluoro-2-methylpentane (C3); 
3,4-dimethylheptane (C3 and C4). . 


The only chiral bromobutane is CH3CHBrCH2CH3. 
(a) Br- > CH3O- > CH3- > H- | 

(b) -NH2 > CICH2- > CH3CH?2- > CH3- 

(c) HO- > -CHO > HOCH?- > CH3CH»5- 


(a) CH3CH2CH2CHoI; (b) CH3CH2CH2CH20H; 
(© CH3CH2CH2CH2CN; (d) CH3CH2CH2CH20CH3. 


H H 
NaOCH; 
@ вг -—$, — \— осн, 
СНз CH; SY 
GH; CH; 
(b) сис, (СНУ; 
NaCN , 


In each of the structures given envision what portion can be obtained readily as a 
nucleophile. Reaction of this nucleophile with an alkyl halide will produce the desired 
product by substitution. 


(а) CH3CH2CH2-Br and NaOH produces CH3CH2CH20H 
(b) (CH3)2CHCH2CH?-I and NaSCH3 produces (CH3)2CHCH2CH2SCH3 
(c) СНЗСН2-В? and NaOCH3 produces CH3CH20CH3 
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(a) The sodium hydroxide reaction would proceed faster because it is the stronger 
nucleophile. 


(b) The sodium iodide reaction would proceed faster because it is the stronger nucleophile. 


(c) Using two molar equivalents would be faster because the reaction is second order, 
depending on the concentration of the nucleophile and the substrate. 


(d) The faster reaction would be with n-butyl bromide because primary halides react faster 
than tertiary halides in an 542 reaction due to lower steric effects. 


(е) 1-Bromobutane would react faster (in the SN2 reaction) because of lower steric effects. 


(f) 1-Iodobutane would react faster because the iodide ion is a better leaving group than the 
chloride ion. 


(g) Sodium methoxide would react faster because it is the strongest nucleophile. 


Solvolysis of a tertiary alkyl halide involves a SN1 reaction and a carbocation 
intermediate. The ratio of the products (isobutylene and t-butyl alcohol) is determined by 
the rate of their formation from the t-butyl cation. Since the t-butyl bromide, chloride, and 
iodide all form the same t-buty! carbocation intermediate, the product ratio should be 
identical from each tertiary alkyl halide. 


Lon 


SX t-butyl alcohol 
+ x — -+ + 
+ 
5 А t-butyl x 
t-butyl halide éarboeation = 
isobutylene 
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3.31 
„ОС 
(a) С Br cold Фа осн: 
cyclopentyl bromide 
Br OCH 
NaOCH, 3 
(b) AA a) = 4 
2-bromohexane 
(c) CH,CH,CH(CH;)CH,Br —_МаСМ = CH,CH,CH(CH3)CH,CN 
]-bromo-2-methylbutane 
Br 
(d) 
“ан” е on 
cold 
cis-]-bromo-4-isopropylcyclohexane 
3.32 


M 
«On =- © 
i ether MgBr 
(b) +: — >= eu 
ether 
(с) У Li У Cul 
Вг ether Li Cui 
2 
H;O 
(d) ?— Br Е ?— МЕВг  —— CH,CH,CH, 
(e) De tie wem [^u a D> ов 


>- C;Hs —©н®' | 


3.33 (a) identical compounds; (b) enantiomers; (c) enantiomers; (d) enantiomers; 
(e) enantiomers. 


3.34 


CH, Сн; I 
(c) M (A) Тај Но е Ној СН 
in a 
CH; 
CH; CH; 
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(а) CH;CH,CHI + СО аы CH;CH;CH;0CH, 


(b) (CH; ÓCO + CH3CH2Br > (CH3),C-O-CH;CH; 


CH; CH, 
(c) eG + ман — C] 
I “иН 


(d) S-2-iodopentane + NaOH ——= (R) CH,CHOHCH,CH,CH, 
R-2-pentanol 


(е) (СНС + NaOH — — (CH}}C-OH + (CH,),C=CH, 


Minor major 


The strong nucleophile, sodium hydroxide, can effect both an SN2 reaction (by attacking 
the tertiary carbon) to form 2-methyl-2-pentanol and an E2 reaction (by attacking a 
B-hydrogen - a hydrogen on a carbon next to the carbon carrying the bromine) to form 
2-methyl-2-pentene. Since the substrate is a tertiary halide both reactions will occur but 


the major product will be the alkene from the E2 elimination reaction. The use of heat will 
maximize formation of the E2 product. 


H 
(CH; CBrCH;CH;CH; —_ (CH3;COHCH,CH,CH, + (CH;),C=CHCH,CH, 


2-methyl-2-pentanol 2-methyl-2-pentene 


The reaction of sodium iodide in acetone with an alkyl halide is a SN2 reaction which 


proceeds most rapidly with a primary halide and least rapidly with a tertiary halide. 
Thus, compound B is probably n-butyl bromide and compound A is probably t-butyl bromide. 


(a) Use of ethoxide anion, a strong nucleophile, with t-butyl bromide would effect mainly 
an E2 elimination reaction, producing isobutylene as the major product, rather than the 
desired SN2 product. 


(b) Since the 542 reaction involves an inversion of configuration, to obtain an equatorial 
alcohol requires starting with an axial iodide. 


(c) Reaction of the strongly nucleophilic cuprate reagent with tertiary butyl bromide would 
effect mainly an E2 elimination reaction, not the desired substitution reaction. 


(a) (R)-2-iodobutane; (b) (S)-2-chloro-2-iodobutane; (c) (R)-2-aminopentane; 
(d) (S)-2-fluoropentane. 
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3.40 (а) This transformation requires a substitution of hydroxide for bromide. Since the starting 
material is a primary alkyl bromide the 542 reaction should be used. Conditions should be 


warm sodium hydroxide in DMSO solvent. 


NaOH 


PA 
Br А 


МИ МИТ оң 


(b) This transformation also calls for replacing a bromide with a hydroxide. However, 
since the starting material is a tertiary halide, there is risk of a competing elimination 
reaction. Therefore, it is necessary to use a mild nucleophile (water) under moderate 
temperature conditions. Water also could be the solvent (that is, carry out a solvolysis 
reaction). In spite of these preferred conditions, some by-product (isobutylene) will be 


formed. 
HO 
zs == ыш 


(c) This transformation involves replacing a bromide with a methoxy group. However, 
since the substrate is a tertiary halide, use of the strong nucleophile sodium methoxide 
would lead to almost exclusively elimination, not substitution. Therefore, a very mild 
nucleophile (methanol) should be used and it could be employed in a methanol solution 
(that is, a solvolysis reaction). 


Oc, == Ox 
—————»— 
Br А OCH, 


3.41 Sodium methoxide is a much stronger nucleophile than is methanol. Since cyclohexyl 
bromide is a secondary halide it can be substituted or eliminated readily, depending on the 
choice of reaction conditions. The elimination reaction to form cyclohexene is favored by 
stronger reaction conditions (high temperatures and strong nucleophiles). Therefore, use of 
heat and the stronger nucleophile sodium methoxide will afford mainly cyclohexene via E2 
elimination. 


3.42 Тһе substituent priorities are a = COOH (with its C=O structure), b = (CH3)2CHCH2C6H4 
(with its C=C structure), c = CH3, and d = H. 


H 


(R)-Ibuprofen CH; NM 


(CH;),CHCH)CsHy СӨН 
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3.43 Тһе reaction is an SN2 reaction with iodide serving both as a good nucleophile and as a 
good leaving group. Every time an iodide anion carries out an SN2 reaction on the optically 
active R-enantiomer the constitution of the substrate is unchanged (iodide replacing 
iodide) but an S enantiomer is formed. As this process proceeds R enantiomer gradually is 
converted into S-enantiomer until it reaches the point where there is a 50:50 mixture of the 
R and S enantiomers. By definition that is a racemic mixture which is optically inactive. 
Any further 52 reactions are equally likely to involve the К and the S enantiomer, so the 
50:50 mixture persists. 


CH; _ CH, 
2 ~ 
CH, uh 
(R)-2-iodobutane (S)-2-iodobutane 


3.44 То solve these problems draw the desired product, and then draw a dotted line through the 
bond to be formed. Then identify a reaction to form that bond from an alkyl bromide. 


X-er diee, 1. Li, ether (>; CuLi Sx 
2. сш ^ р 


( ) 1. Li, ether CHBr р 
—^ д 
m Вг си ei CuLi Өл 978 
2 


(d) VM ZION. SoZ 
Br OH 
(e) <> 1. Li, ether P Br 
Br —— СШ ——— 24 
2. Cul = <> 
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3.45 Isomer D is a constitutional isomer of A, B, and C. The latter three are configurational 
isomers. B and C are a pair of enantiomers (they are called optical isomers - see Chapter 
17). 


cl cl | Cl 


Q ШО 
Q Ни 
Q ји 
а ПО 
C ШШ 


А B С р 


cis-1,2-dichloro- the two enantiomers of 1,1-dichloro- 
cyclopropane trans-],2-dichlorocyclopropane cyclopropane 


Br HO H 
2M == "d 
S —^ = 


(R)-2-bromobutane (S)-2-butanol 


3.46 


3.47 The initial solution would appear to be simply substitution of the alkyl bromide with 
sodium hydroxide. However, an SN2 reaction would produce (5)-2-butanol by inversion of 
configuration as indicated in problem 3.46. Since the task is to carry out a substitution 
process with overall retention of configuration, the only alternative is to carry out two 
inversion reactions (R to S to R). Iodide ion is an excellent nucleophile and will replace 
bromide, resulting in inversion. Then, substitution of the alkyl iodide with hydroxide will 
accomplish a second inversion, resulting in overall retention of configuration in the alkyl 


group. 
H Br I H H 

E ——— 8 ILE e Б 
(R)-2-bromobutane (S)-2-iodobutane (R)-2-butanol 
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EVI. Conceptual Problem 


The Chilling Effect of CFCs 


ou work in the physical plant department of a large university, which oversees the day-to- 
day operations of the buildings on campus. The university currently maintains 14 large- 
scale air-conditioning units (or"chillers") that still use CFCs as the refrigerant. These units 
were installed well before the 1996 ban on CFC production. Some are as little as 10 years 
old, others are much older. It is part of your job to help develop a plan to either retrofit or replace 
all the CFC units, as well as establish guidelines for future purchases of refrigeration equipment. A 
member of the budget committee comes to you because she is concerned about the potential costs of 


replacing so many units. She asks you these questions: 


lll Since a cooling unit is sealed (the refrigerant is kept under pressure in a sealed system), why does 
the continued use of CFCs pose any risk to the environment? 
* Ans: The problem is that it is hard to maintain a system at zero emission when it is under 
pressure. The pressure causes the seals to wear out allowing CFCs to slowly escape into the 
atmosphere. That’s why periodically refrigerant has to be added to such systems. 


№ Can't the university simply buy а different refrigerant to replace the CFCs and use it in the 
existing units? What would be the concern associated with such refrigerant replacement? 

• Ans: There are several new refrigerants available and others being developed but none have 
exactly the same properties as CFCs. First, you have to consider the pressure of the system. For 
example HFC-134a is designed for medium pressure systems and HCFC-123 is designed for low 
pressure systems. Second, consider whether the new refrigerant will be compatible with the 
lubricating oil, gaskets, seals, and other components of an existing system. The existing units will 


have to be retrofitted with new gaskets, etc. 


Ш Environmental issues aside, why can't the university just run the units it has until they are no 
longer operational and replace them on an as-needed basis? Wouldn't this be the most cost- 
efficient plan? 

* Ans: Not really. First there will be gradual leakage no matter how well the units are 
maintained and so more CFC will have to be purchased as a replacement. Given the fact that 
there are dwindling stocks means that it will become increasingly expensive. Also, older units 
generally are more expensive to service and they tend to be less energy efficient, so there is 
money to be saved in the cost of running new units once they have been purchased. 


№ After answering the questions above, you describe a broad outline of your plan to replace the 
oldest units first, maintaining some of the younger CFC units for a longer time. What can you do to 
keep these CFC units as environmentally safe as possible? 

* Ans: You can develop a schedule for leak testing, making sure that the service contractor keeps 
the systems running efficiently. You can also have a system for capturing emissions when the 
system is"purged" and then cleaned. Finally, as older units are replaced the university can 
salvage the remaining CFCs for use in retained units. 
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Alcohols 


1. Textbook Chapter Contents 


4.1 Nomenclature of Alcohols 


4.11 TUPAC Nomenclature 
4.1.2  Historical/Common Names 


4.2 Properties of Alcohols 


42.1 Hydrogen Bonding 
42.2 Acidity of Alcohols 
4.23 Alkoxides 


43 Conversion of Alcohols to Alkyl Halides 


4.31 Reaction of Alcohols with Hydrogen Halides 
Stereochemistry 
4.3.2 Stereospecific Conversion of Alcohols 
to Alkyl Halides 
Inversion of Configuration 
Retention of Configuration 


4.4 Oxidation of Alcohols 
4.5 Preparation of Alcohols from Alkyl Halides 
4.6 Important Alcohols 


4.7 Carbohydrates 


47. Terminology 

4.7.2 Structures of Monosaccharides 
473 Structures of Disaccharides 
4.74 Structures of Polysaccharides 
475 Chemistry of Carbohydrates 


his chapter introduces the family of compounds known as alcohols (alkanols 

by the IUPAC system), which contain the -OH (hydroxyl) functional group. 

The reactions and preparation of alcohols are described. This chapter also 
introduces compounds known as carbohydrates (also known as sugars or saccha- 
rides) as a biologically important example of alcohols. 
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| Learning Objectives 


• Know the IUPAC nomenclature of alkanols and the common names of simple alcohols. Be able to 
recognize a thiol. 


* Distinguish between primary, secondary, and tertiary alcohols. 
* Understand the nature and effects of hydrogen bonding in alcohols. 
* Recognize the fact that alcohols are weak Brensted acids and can be converted into alkoxides. 


* Know how to convert an alcohol into an alkyl halide using mineral acid and understand the 
mechanism and limitations of this conversion. Recognize an oxonium ion. 


• Know how to convert an alcohol into an alkyl halide using thionyl chloride and pyridine, and 
understand the mechanism of the reaction which occurs with inversion of configuration. 


* Know how to convert an alcohol to an alkyl halide with overall retention of configuration, utiliz- 
ing the conversion of an alcohol to a tosylate ester. 


* Write equations for the oxidation of primary and secondary alcohols to aldehydes and ketones, 
respectively. 


* Write equations for the preparation of alcohols from alkyl halides. 


* Become familiar with carbohydrate terminology, including pyranose and furanose, aldo- and 
keto- sugars, monosaccharides, disaccharides, and polysaccharides. 


* Recognize the open-chain and two anomeric forms of glucose. 
* Recognize the difference between starch and cellulose and the hydrolysis of both into glucose. 


* Grasp the concept of retrosynthesis and its application to the conversion of one compound into 
another and for devising schemes for multi-step syntheses. 


Ш. Glossary 


alcohol a family of compounds containing the hydroxyl (-OH) functional group 


aldehyde a family of compounds containing a carbonyl group (С=О) whose carbon is attached to at 
least one hydrogen 


aldose a monosaccharide containing an aldehyde group 
alkanol the IUPAC family name for an alcohol 


alkoxide the oxyanion resulting from the removal of a proton from an alcohol 
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amylose a linear polymer of a-glucose in which the glucose units are connected via glycoside link- 
ages from carbon 1 of one glucose to carbon 4 of another 


amylopectin a polymer of a-glucose which contains an amylose backbone with additional glucose 
units branched from carbon 6 to carbon 1 


anomeric carbon the hemiacetal carbon in a carbohydrate, about which two configurations may 
exist in equilibrium 


blood sugar an alternate name for glucose 
carbohydrate a polyhydroxy aldehyde or ketone which generally is naturally occurring 
carboxylic acids a family of compounds with the general formula RCOOH 


cellulose a polymer of B-glucose containing glycoside linkages from carbon 1 of one glucose to car- 
bon 4 of another 


2-deoxyribose an aldopentose without a hydroxyl group on carbon 2 
disaccharide a carbohydrate which can be hydrolyzed to two monosaccharide molecules 


Fischer projection a line drawing of the structure of a compound in two dimensions implying the 
three-dimensional structure of the compound; horizontal lines represent bonds projecting above the 
paper and vertical lines represent bonds projecting below the paper 


fructose a ketohexose of formula С,Н120,, specifically 1,3,4,5,6-pentahydroxy-2-hexanone 
furanose a five-membered hemiacetal form of a monosaccharide 


glucose an aldohexose of formula С,Н;;О,, specifically 2,3,4,5,6-pentahydroxyhexanal; it is also 
called blood sugar 


glycogen a polymer of a-glucose involving glycoside linkages between carbon 1 of one glucose and 
carbon 4 of another, plus additional glucose units linked to carbon 6 


glycoside an acetal of a carbohydrate 


hydrogen bond a weak association between a hydrogen, which is attached to an electronegative 
atom, and an electronegative atom with unshared electrons 


hydrophilic a species which is attracted to or dissolves in water 
hydrophobic a species which is repelled by and does not dissolve in water 
hydroxyl group the -O-H group 


inductive effect the relative electron-attracting or electron-donating effect exerted by a substituent 
as the result of electronegativity differences 


ketone a family of compounds containing a carbonyl group (С=О) whose carbon is attached to two 
other carbon atoms 


ketose a monosaccharide containing a ketone group 


lactose a disaccharide comprised of a glucose unit joined to a galactose unit through a glycoside 
linkage; 4-O-(o-D-galactopyranosyl)-a-D-glucopyranose 
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maltose a disaccharide comprised of one glucose unit joined to a second glucose unit through a 
glycoside linkage; 4-O-(a-D-glucopyranosyl)-a-D-glucopyranose 


monosaccharide a simple carbohydrate which cannot be hydrolyzed further 


oxidation an increase in the oxygen content of an organic species, or a decrease in its hydrogen 
content 


oxonium ion an oxygen atom with three groups covalently attached, making the oxygen atom 
positively charged 


polymer a macromolecule containing many units of a simple compound (monomer) joined together 


polysaccharide a carbohydrate which can be hydrolyzed to produce a large number of molecules of 
a monosaccharide; a polymer of a saccharide 


pyranose а six-membered hemiacetal form of a monosaccharide 


reduction a decrease in the oxygen content of an organic species or an increase in its hydrogen 
content 


retrosynthesis a mental process for analyzing and solving synthesis problems. It involves working 
backwards from product to possible precursors in a stepwise manner 


ribose an aldopentose 
saccharide an alternate term for a carbohydrate arising from their sweet taste 
starch a mixture of amylase and amylopectin, both of which are polymers of o-glucose 


sucrose a disaccharide comprised of a glucose unit joined to a fructose unit through a glycoside 
linkage; o-D-glucopyranosyl-a-D-fructofuranoside 


sugar an alternate term for a saccharide 
thiol sulfur analog of an alcohol 


tosylate an ester (TsOR) formed by reaction between p-toluenesulfonyl chloride, abbreviated TsCl, 
and an alcohol (ROH) 
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| VI. Solutions to Problems 


For "How to Solve a Problem," review pages 122, 128, 133, 136, and 143) 


4.1 


4.2 


4.3 


4.4 


4.5 


(a) jg em OH 


HO CH, 
O х сон 
HO OH 
(c) > OH @ TV 

HO 
(a) 2,2-dimethyl-1-propanol; (b) trans-1,2-cyclobutane-diol; (c) 3-methyl-3-pentanol; 
(d) 2-propanol; (e) 2,6-dimethyl-4-heptanol 


The structures for these alcohols can be deduced from the limited number of possibilities for 
five carbons, and using the specific meaning of the key prefix symbols. 


pud 
а) ГС OH (p 


n-pentyl alcohol sec-pentyl alcohol 
(c) +t (d) ү OH 
OH 
t-pentyl alcohol isopentyl alcohol 


Compounds which can hydrogen bond the most effectively will be the highest boiling. 
Alkanes will be the lowest boiling because of only van der Waal's attractive forces. 


(a) ethane « ethyl chloride « ethyl alcohol 
(b) cyclohexane < cyclohexanol « 1,2-cyclohexanediol 


(a) cyclohexanol < 2,2,6,6-tetrachlorocyclohexanol: the presence of the four highly 
electronegative chlorine atoms stabilizes the alkoxide relative to the unsubstituted 
alkoxide. 


(b) isopropyl alcohol < methanol: isopropyl alcohol can be viewed as a methanol carrying 
two methyl substituents. The presence of the two methyl substituents helps to destabilize 
the alkoxide anion because of their relative electron donating ability. 
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(à (CH,,CHOH + к ———»  (CHj;CHO K' + 1/2H, 


(D CH,CH,CH,OH + К —— —9»- CH,CH,CH,OK* + 1/2H, 
(c) 

| + K —3- + 2H 

ОН о Kt 


The most acidic alcohol is ethanol, the one carrying the fewest electron donating alkyl 
groups on the carbon which also carries the alkoxide group. 


CH 


| CH; 
CH,— C— OH « yo OH <  CH,— CH,— OH 
| CH, 
CH; 
2-methyl-2-propanol 2-propanol ethanol 
(t-butyl alcohol) (isopropyl alcohol) (ethyl alcohol) 


The order of basicity of the alkoxides is the opposite of the order of acidity of the 
corresponding alcohols. The strongest base is derived from the weakest acid. 


CH; a 
сњ—сњ—о < se 99-9 <  CH— ж 
+ CH; 
ethoxide 2-propoxide 2-methyl-2-propoxide 
(isopropoxide) (t-butoxide) 


The reactants are sodium ethoxide, a strong nucleophile/base, and methyl bromide, a 
compound containing a good leaving group (bromide). The nucleophile would be expected to 
attack the carbon carrying the leaving group, thereby effecting an SN2 substitution 
reaction. Ethoxide therefore replaces bromide. The product is ethyl methyl ether and the 
by-product is sodium bromide. 


Na* OCH,CH,; + CH; L Вг —-= CH;CH,OCH; + Nat Br 
ethyl methyl ether 
2-Methyl-2-butanol is a tertiary alcohol, and in the presence of a hydrogen halide acid 
(HX) forms a tertiary carbocation. The cation then reacts with halide anion in the solution 


to form the tertiary alkyl halide. The slow step (i.e., the rate-controlling step) in the 
reaction is the oxonium ion dissociating to the carbocation and this step is exactly the same 
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regardless of which acid was used. Thus the overall rates of the reaction (which cannot be 
faster than the slowest step) are identical for the three acids, HCl, HBr, and HI. 


+ X^ 
HO HOH step У X 
+ 
oxonium cation carbocation 


4.11  2-Methyl-1-butanol is a primary alcohol and conversion to the alkyl halide using HX does 
not involve formation of a carbocation (because of the relative instability of a primary 
carbocation). Instead, the alcohol is protonated as usual but H2O must be displaced from 


the oxonium ion by halide anion in a 52 reaction. It is this displacement which is the 
slow step of the reaction, and its rate depends partially on the nucleophilicity of the 


halide ion. Halide ion nucleophilicity is in the order Г > Вг > CT, so the overall 
reaction rates are in the same sequence. 


ZO TN Сүн -H,0 

— ОН + H — Лон — X 
+ x 
NE ew 


TONS step 
oxonium cation 
4.12 
(a) ( )—он + НВг = (в + H,O 
(b) 
—- ОН + HBr —- — Br + H30 
H H H 
(c) - HO 
è OH + HBr — pr 2 + <j Br 
CH; % с CoH 
CH, Си, ss 2S GH, 
4.13 


OH 


Br 
OH а 
(b) + + на ——- + + ҢО 
OH I 
©) ГЇ + ш —— ГТ + њо 
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4.14 
OH pyridine 
CI 


(b) Con me Сы 
H 


H 
PBr3 
(с) уон бә в, 
CoH; V С 
CH CH; 29; 


3 


4.15 — (S)-2-butanol can be converted in a single step into (R)-2-chlorobutane using the 
stereospecific reagent thionyl chloride, a reaction which proceeds with inversion of 
configuration. No single-step reagent accomplishes retention of configuration in such a 
conversion and therefore the R alcohol cannot be converted into the R chloride in a single 
step. Thus, the R alcohol must be first converted into the S alcohol by a two step process 
involving tosylation (with no change in configuration) followed by а SN2 reaction with 
hydroxide (with inversion of configuration). Then the same SOCI? reaction can be 
employed. Overall two inversions will be accomplished, leading to overall retention of 


configuration. 
H H H 
lI? .----- = à cl 225960. H 4 
Cj Y CH КУ pyridine ^ CH 
5 
CH, ° CH, сњо 
(R)-2-butandl (R)-2-chlorobutane (S)-2-butanol 
H "dll. 
TsCl Б NaOH 
y 5 ы 
-CF CHS я - OTs 
СН; 
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4.16 А 
KMnO 
o Qoa MMe Су 
PCC 
(D  CH,CH,CH,CH,0H Е в сн,сн,сн,сно 
KMnO 
м.м = 
a он NN 
4.17 


(a) (он „НЕС Од С» о 
H;S0, 


cyclopentanol 


KMnO; 
(b (СН;),СНСНОНСН:СН, ———  (CHj;CHCOCH;CH: 


2-methyl-3-pentanol 


OH о 
М 
(с) ру ч Ere УУ 
2-hexanol 8504 
( 0H PCy SSNs 
1-butanol 


418 There is no means of proceeding in a single step from the alkyl halides to the carbonyl 
compounds shown (see the Key to Transformations). One of the standard means of preparing 
a carbonyl compound is oxidation of the alcohol precursor. We also know that alcohols are 
readily obtained from alkyl halides by a substitution reaction. Therefore, the two step 
synthetic sequences shown accomplish the desired transformations. 


(ау CHCH,CH,CH,Br О Cu cuu cu cu on. Cos cH, CH;CH;CHO 


(b) CH,CHCHBrcH, ОН» сн,сн,снонсн, №205 сн Cu coca, 


2904 
4.19 
но Е 
H OH OH 
HO H 
и oH dH i 
_ ni e 
b %CHOHCHOHCHOHCHO b 
d H OH a CH;OH 
N oH с 
С; 
D-glucose R-configuration at C5 
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4.23 
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4.21 
OH OH 
HO H HO H 
H OH HO H 
HO H H OH 
OH OH 
L-epimer of Glucose D-Galactose 


The name implies that the structure is B-D-glucose without hydroxyl groups at C2 and Сз. 


p-2,3-dideoxyglucose 


In maltose the potential aldehyde group (C1) of one glucose unit is masked by being 
involved in a glycoside (acetal) linkage with the C4 hydroxyl group of a second unit of 
glucose. However, C1 of the second glucose is not involved in an acetal linkage. Instead, it 
is in a hemiacetal linkage which can equilibrate with the open chain form which contains 


an aldehyde group. It is this group which can be oxidized, making maltose a "reducing 
sugar." 


In sucrose the potential aldehyde group (C1) of the glucose unit is tied up in a glycoside 
(acetal) linkage with C2 of fructose. Fructose, being a ketose, does not have a potential 


aldehyde group. Therefore, in sucrose there is no group capable of being readily oxidized, 
making it a "non-reducing sugar." 


(a) trans-1,4-cyclohexanediol 

(b) 2-methyl-3-pentanol 

(c) 2,3,4,5- hexanetetrol 

(d) (S)-2-hexanol 

(e) 2-methyl-1,4-butanediol 

(f) 1-butanethiol 

(g) cis-1,2-cyclobutanediol 

(h) 5-ethyl-2,6-dimethyl-3-heptanol 
(i) cis-3-methylcyclohexanol 
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4.25 
H 
CH, 
(b) ote i Р 
T e% ае a 
H,CH; © 
(е) а. он (f) CH4CH;OK О. s 
(i)  (CH34COH (D (СНз»СНОМа "oM 
4.26 
OH 
ол ы СЖ © ми ~ 
ОН n 
2-butanol 1 -methylcyclohexanol 
(secondary) (tertiary) 3-methyl-3-hexanol 
(tertiary) 
H 
ф [со © ed 
з 
сн ОН 
tricyclopropylmethyl alcohol (R)-2-pentanol 
(tertiary) (secondary) 


4.27 (a) The water solubility order is 1,3,5- hexanetriol > 1-hexanol > hexane. The more 
hydroxyl groups that are present the more hydrogen bonding can occur with water, leading 
to increased solubility of the Сб compounds. 


(b) The water solubility order is ethanol > 1-hexanol > 1-decanol. The larger is the 
hydrophobic portion of a molecule the less soluble it is in water to the point where in 1- 
decanol the hydrogen bonding ability of the hydroxyl group (the hydrophilic group) is 
outweighed by the ten-carbon hydrophobic alkane chain. 


4.28 | Hydrogen bonding can occur when hydrogen is attached to a strongly electronegative 
element, such as oxygen. In that instance the H-O bond is polarized. The positive end of 
the dipole (hydrogen) serves as an electron acceptor and the negative end of the dipole 
(oxygen) serves as an electron donor. The electrostatic attraction between these dipoles in 


two different molecules is the "hydrogen bond" (H*5-—--*O). In an alkane the 
electronegativity differences between carbon and hydrogen are minute so there is no 
significant polarization and, therefore, no significant electrostatic attraction. 
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4.29 
(a) CH,0H + Na —= СНзОМа + 1/2H; 


sodium methoxide 


(b) (CH,CHOH + Na ———= (CH;),CHONa + 1/2H; 


sodium isopropoxide 
(с) CH.CHj),CH)OH + Na — 3» | снисњсњаћа + 1/2H, 


sodium hexoxide 


4.30 Relative to ethanol (CH3CH2OH), t-butyl alcohol ((CH3)3COH) has two methyl groups 
on the a-carbon, with the methyl groups being electron-donating relative to hydrogen. 
Thus, the oxygen of t-butyl alcohol has a higher electron density than that in ethanol, 
making it hold on to the hydrogen more strongly. 2,2,2-Trichloroethanol (CI3CCH20H) 
has the strong electron-withdrawing chlorines so the oxygen has a lower electron density 
making it hold its hydrogen less strongly. Thus, the order of increasing acidity is: 


t-butyl alcohol « ethanol « 2,2,2-trichloroethanol 


431 The boiling point of compounds of the same family is related to the compactness of the 
structure (i.e., the total surface area), the more compact structure having fewer 
intermolecular attractive forces which need to be broken before vaporization. t-Butyl 
alcohol is almost spherical and is more compact than the linear n-butyl alcohol, and 
therefore lower boiling (bp 82? vs bp 117? for n-butyl alcohol). Solubility of alcohols in 
water has to do with the relative size of the hydrophobic hydrocarbon portion of the 
molecules. The long linear chain of n-butyl alcohol presents a larger hydrophobic presence 
than does the more compact t-butyl group. Therefore, n-butyl alcohol is less soluble than t- 
butyl alcohol. 


4.32 


Methanol as hydrogen donor molecule CH.—6 2A 
(i.e., water as electron donor) T QNH УРЫ O—H 


Methanol as hydrogen acceptor molecule —O 
(i.e., methanol as electron donor) » 
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4.33 


нл SH Н) 
(b) ^— он Ж т * I 


Сн, \ Сн; ) 
(R)-2-butanol 


racemic 2-iodobutane 


SOCII 
(c) > OH > > cl 
pyridine 


Ма›Сг;О» 


(d)  CH,CH;CHOHCH,CH, — су 9 — CH;CH;COCH;CH, 
2304 
CH; CH; 
SH Na = он 
(е) HO » Na* O 
Сану C3H7 


(S)-2-pentanol 
4.34 The reaction between an alcohol and tosyl chloride involves attack of the nucleophilic 
oxygen of the alcohol on the TsCI, displacing chloride to form a tosylate (R-O-Ts). The 
carbon-oxygen bond of the alcohol is never broken so its 


R-O-H * Tcr — R-O-Ts + HCl 


configuration cannot change. By contrast, the reaction of an alcohol with thionyl chloride 
involves two steps, the first being analogous to the above reaction in which the oxygen- 
carbon bond of the alcohol is not broken and a sulfite ester is formed (R-O-SOCI). However, 
the second step involves ап SN2 displacement of OSOCI from carbon by chloride anion, 
thereby inverting the configuration of the carbon atom. 


Cl 
ROH + 5-0 retention R-O-SO-CI 
| 


Сс 1 
е inversion 


(~ 
а“ + R-O-SO-C] ПОПЫ Rob + 50, + СТ 
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435  Inorder to achieve overall retention of configuration it is necessary either to use a single 
reagent which accomplishes that conversion (there is no such reagent for this conversion) or 
to effect two inversions. In order to achieve overall inversion it is necessary to use a single 
reagent which accomplishes that task, and thionyl chloride is such a reagent. 


CH; о CH; 
SH %, 
SY NaOH Е 
>= он 
n я 
H 5 
CH; C 5 
SH ОСЬ 
HO 
СН; ‹ SOC, e 
idine CH 3 
S-2-pentanol “р as на 3 ISH 
Б СІ Cl 3 
C2H5 Сн; 


S-2-chloropentane 


4.36 
CH4COCH;CH;CH; 
wk с б 2-pentanone 

н СН (а) 7%? CH; 

K 1. TsCI SB 

OH ы но —© 
2. NaOH 
C3H7 C3H7 


(R)-2-pentanol (S)-2-pentanol 


5 
A 
M CH; 
SH 
CI | 
C3H7 


(S)-2-chloropentane 


437 The formation of 1-chlorobutane from the reaction of 1-butanol with hydrochloric acid 
involves initial protonation of the alcohol to an oxonium ion. Water is then displaced from 
the primary oxonium ion in a SN2 reaction by chloride ion, the only significant reaction for 
that oxonium ion. However, the oxonium ion from t-butyl alcohol will dissociate slowly but 
spontaneously to the stabilized t-butyl carbocation. The carbocation will react in an SN1 
reaction with chloride to form t-butyl chloride but it also will lose a proton in an 
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elimination reaction to form an alkene, isobutylene. The latter accounts for about 2096 of 
the starting material. | 


CH; 
| 
сну— (= CI 
CH, CH, СГ. 
| + - H,O l сн, 
сњ— C— ОН, — CH— C+ 
CH, CH,  .H* у CH 
CH= 
e CH; 
4.38 
NaC 
(a) О» он №07) D> à 
H,SO, 
KMnO 
(D | CH,CH;CH;CH;OH ————4——  CH,CH,CH;COOH 
PCC 
(c) CH,CH,CH,CH,CH,OH ——— CH,CH,CH,CH,CHO 
Na;CrO; 
(d)  CH,CH,CH,CH,CH,OH — aso, ® CHCH,CH.CH;COOH 
29V4 
4.39 


и ОН 
(D (e) (d) 
SOCI 
pyridine Ма; СО НВг 
H5SO, 
S SL S „ч Noe Ау: 
COOH 


440 Рог D-glyceraldehyde, which has the R-configuration, the group priorities are 
a = hydroxyl, b = aldehyde group (-CHO), с = hydroxymethyl group (-CH2OH), and 
d = hydrogen. Therefore, the Fischer projection for D-glyceraldehyde is as shown: 


CHO CHO 
H =|--он = H EE OH 
CHOH CH,OH 
D(R)-Glyceraldehyde 


4.41 


4.42 


4.43 


4.44 
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The identification of each of the remaining structures is made by simply determining 
whether they are D- (R) or L- (S) using the same group priorities. 


(aL (DD (D ат (e)D 


Substituents on carbon 1 of cyclohexane-shaped rings are more stable in the equatorial 
position than in the axial position because they are then removed from steric hindrance 
with the axial hydrogen on C3 and C5. 


(a) The use of the term deoxy means that a structure which normally has a hydroxyl group 
is missing the oxygen (i.e., the -OH has been replaced by -H). 


(b) The term "epimer" implies the opposite configuration at a particular specified carbon 
atom. 


(c) The anomeric carbon is a carbonyl carbon which can be converted to an intramolecular 
hemiacetal with the resulting hydroxyl group capable of assuming two possible 
stereochemical orientations. 


Starch is a polymer of the a- form of glucose (the hydroxyl group on the anomeric carbon is 
axial) whereas cellulose is a polymer of the B- form of glucose (the hydroxyl group on the 
anomeric carbon is equatorial). 


An aldotetrose is a four carbon carbohydrate with an aldehyde group as C1. The D- 
configuration means the stereocenter at C3 has the hydroxyl to the right. A 2-ketopentose 
is a C5 carbohydrate with a ketone group on C2. The L- configuration means the 
stereocenter at C4 has the hydroxyl group on the left. 


ге CHo ү CH;OH 
| 
H он HO H С=О С=О 
H OH н OH H OH 46 г 
CH;OH CH;OH HO H 58 й 
CH,OH 
D-aldotetroses H, CHOH 


L-2-ketopentoses 
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We have seen D-galactose before and its structure is shown below. L-Galactose, also drawn 
below, is the mirror image of D-galactose. Since L-fucose is related to L-galactose by its 
alternate name of L-6-deoxygalactose, the 6-deoxy term indicates the -OH of galactose on 
Сб has been replaced by -H. Therefore, the structure of L-fucose is as shown: 


CHO CHO CHO 
H OH HO H HO H 
HO H H OH H OH 
HO H H OH H OH 
H OH HO H HO H 
CHOH CHOH CH, 
D-Galactose L-Galactose L-fucose 


Alcohols are Lewis bases (electron donors) because the oxygen atom contains unshared 
electrons which, in the course of a reaction, can be shared with (that is, form a bond with) 
another atom. An example is the protonation of an alcohol to form an oxonium ion. 
Oxonium ions are intermediates in many organic reactions. 


Ge E s E 


CH— 0—H + НВ —> CH— O—H + Br 
| 


H 
oxonium ion 


(a)  CH,CH,CH,CH,0H —N@x —C,H,ONa D CH,CH,CH,CH,OCH, 
N 


o Cron Sue Opa 
рула 
o Ona pas | Opes Be -os 


from (b) 
id NaOH ЗН мс о 
() sA ал 2 д 


РСС 
(е) _ CH;CH,CH,CH,OH ———À»  CH,CH;CH;CHO 


(0 сњењон -Cl сн,сн,0тѕ 
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4.49 
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(a) The longest straight chain for this compound is not C4 (butane) but C5 (pentane). Thus, 


the correct name is 3-methyl-3-pentanol. 
OH 


D 


(b) The lowest possible position number for a hydroxyl group in this compound is on C1, not 
C2. The correct name is 1,4-pentanediol. 


OH 


(c) Isobutanol is incorrect because it mixes a common name prefix (iso) with a IUPAC parent 
name (butanol). The correct name is isobutyl alcohol (common name) or 2-methyl-1- 
propanol (IUPAC name). 


bd 


(d) Any hydroxyalkane should be named as an alcohol, not as an alkane. The correct name 
is 3-chlorocyclohexanol. 


cl 


Q 


OH 


The strong oxidant Na2Cr207 with Н2504 will oxidize a primary alcohol and an 


aldehyde to a carboxylic acid. It will oxidize a secondary alcohol to a ketone. Therefore, 
the oxidation of glucose will produce a tetraketo dicarboxylic acid: 


CHO 
H OH 
HO H 
МаСг 
i o ИО s 207 HOOC SA coo 
aso, > 50, 
H OH 
CH,OH 
D-Glucose 


On 20 „Коо 
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4.51 It must be a tertiary alcohol since they are converted very rapidly to alkyl halides with . 
the Lucas reagent. The compound is t-butyl alcohol - (CH3)3COH. 


4.52 


(a) 
CHET on Me ce AE 
OH ——зъ (СН, ONa 


A B 


HB 

Н» (NEAN ы р 
(plus some cis-isomer) 

diras M (Hae NEAN 


о 


CH 
(ау B CHOC NEAN. ocu, 
ө A 1 Che YA on 


(b) 


» 


C 
OH 
( A soc, (СН, )з 
pyridine 
СІ 
Na?CprO CH 
® А “о,” (C NR 


о 


4.53 All of the hydroxyl groups except the primary alcohol on carbon 6 are protected. Therefore, 
the latter is the only group available to be oxidized. 


" ne о о= CH 5 
H,COO 
CH,COO ооссн, E> СНСОО 
ооссн H;COO ен 
3 OOCCH; 


4.54  t-Butoxide anion ((CH3)3CO^)can be looked upon as a methoxide anion (CH3O") in which 


three methyl groups have replaced the three hydrogens. Relative to hydrogen, methyl is 
an electron donor group through an inductive effect (i.e., electronegativity differences). 
Thus, there will be a higher electron density on oxygen in t-butoxide than in methoxide, 
making the former a stronger base. 
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4.55 


Br 
О = Oc» tte О-= чш» Oe 


H2504 


4.56 There are only four C4 alkanols. In order to produce a ketone, the alcohol must be 
secondary. There is only one secondary C4 alcohol, 2-butanol (CH3CH2CHOHCH3). 


4.57 Table sugar is sucrose, a disaccharide whose glycoside linkage between glucose and fructose 
can be hydrolyzed by dilute acid. Thus, one molecule of sweetener (sucrose) is converted into 
two molecules of sweetener (glucose and fructose). Furthermore, fructose is sweeter than is 
sucrose. Therefore, the overall sweetness of the solution will be increased. 


Ht 
Sucrose о Glucose + Fructose 
2 


буп, Concept Problem 
A Case of Mistaken Identity or Murder? 


famous mycologist, Sir Eugene Francisco, was found dead in his kitchen one Sunday, 

ostensibly from eating an omelette freshly prepared with mushrooms he had collected just 

that morning. The police initially classified it as an accidental death, due to mushroom 

poisoning. Then a close friend of Sir Eugene's notifies them that Sir Eugene was an expert on 
mushroom identification and therefore highly unlikely to mistakenly pick and eat the wrong 
species. And not only that, but Sir Eugene had been embroiled in a highly political battle for the 
presidential seat of an international mycology society. At this point, you, as the county forensic 
expert, are contacted by the police to help in the investigation. It is also part of your job to explain 
the scientific evidence to the police and a jury. 

The mushroom presumed to be the culprit is Amanita muscaria, a mushroom that grows 
locally and is known to contain the deadly poisonous compound muscarine. 
Muscarine is a bifunctional compound containing a secondary alcohol and a quaternary ammonium 
salt (you'll learn more about this in Chapter 12). A sample of muscarine chloride isolated from the 
mushroom has a melting point of 180-181 oC and is optically active (you may want to review 
Section 3.3). A sample obtained from Sir Eugene's body has the same melting point, but shows 
absolutely no optical activity. During the course of the trial, you are asked a series of questions, 
some over basic chemistry, and some that require you to provide your professional opinion. Based on 
the facts you've collected and your knowledge of organic chemistry, answer the following questions. 
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W How would you characterize the structure of muscarine? (Do this by identifying the number of 
stereocenters and assigning them a configuration.) 


a : + 
CH; ony ws N(CH3); 


HO | 
muscarine 


* Ans: There are three stereocenters in muscarine. Assigning the ring oxygen as position 1 and 
numbering to the left the configurations are 2S, 3R, 5S. 


W Given that the naturally ocurring muscarine has the configuration shown, draw the other 
enantiomer. What would be the properties of this enantiomer? What would be the optical 
properties of a 50/50 mixture of the two enantiomers? 


S 
HO' 
enantiomer of muscarine 


*Ans: This enantiomer would have identical physical properties except for the direction of 
rotation of light which would be opposite to that of natural muscarine. A 50/50 mixture of the 
two enantiomers, called a racemate or racemic mixture, would not be optically active. 


Ш What explanation can you give the jury as to why the muscarine found in the victim's body does 
not have an optical rotation like that from the actual mushrooms? 


e Ans: It must be a racemic mixture of the two enantiomers of muscarine. It could be that somehow 
it racemized in the body—although it seems highly unlikely that a series of chemical reactions 
would convert all three stereocenters to the opposite configuration, and accomplish this on 
exactly half of the ingested material. 


Ш Can you give a professional opinion explaining the presence of the racemic muscarine in Sir 
Eugene's body? 


e Ans: It is likely that the muscarine found in Sir Eugene's body did not come from a “natural” 
source, since the natural source of muscarine is optically active. Hence, Sir Eugene did not eat any 
muscarine-containing mushrooms, but rather was given a form of muscarine synthesized in a lab 
which most likely would be the racemic, non-optically active, form. 


№ What is your conclusion? Is it murder, or a case of mistaken identity (of the mushroom, that is)? 
* Ans: Sir Eugene Francisco was murdered by the intentional administration of racemic muscarine. 
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Ethers 


|. Textbook Chapter Contents 


5.1 Acyclic Ethers 


5.11 Nomenclature of Acyclic Ethers 
512 Williamson Synthesis of Ethers 
5.13 Cleavage of Methyl Ethers 


5.2 Cyclic Ethers 


5.21 | Nomenclature of Cyclic Ethers 

5.22 Preparation of Epoxides(Oxiranes) 

5.23 Acid-Catalyzed Ring Opening of Epoxides 
5.24 . Nucleophilic Ring Opening of Epoxides 


5.3 Important Ethers 


atom between two carbon atoms. They are a relatively inert group of com- 
pounds but the functional group is found in a large number of naturally occur- 
ring compounds. 


IE: chapter introduces ethers, a family of compounds which contain an oxygen 


П. Learning Objectives 


* Be able to name dialkyl ethers using common names or by using the name of an 
alkoxy group. 


* Write equations for the preparation of ethers using the Williamson synthesis. 


* Write an equation for the cleavage of an ether to an alcohol and an alkyl iodide 
using hydroiodic acid. 


* Recognize cyclic ethers. Know the structure and nomenclature of epoxides, also 
known as oxiranes. 


* Know the preparation of an epoxide/oxirane by epoxidation of alkenes using 
peracids. 
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* Write equations for the acid-catalyzed ring opening of epoxides/oxiranes to form 1,2-diols. Know 
the mechanism and the stereochemistry for this reaction. | i 


* Write equations for the ring-opening of epoxides/oxiranes with nucleophiles, including hydroxide 
anion and alkoxide anions. Know the mechanisms and stereochemistry for this reaction. 


e Write equations for the reaction of a Grignard reagent or an organolithium compound with an 
epoxide/oxirane to form a homologated alcohol. 


• Be able to accomplish a two-carbon homologation of an alcohol by its initial conversion to an 
alkyl bromide, conversion of the latter to a Grignard reagent, and then reaction with an 
epoxide/oxirane. 


Ail. Glossary 


alkoxy group an alkyl group attached to oxygen (RO-) 

crown ether a large cyclic polyether 

cyclic ether an ether in which the oxygen atom is part of a heterocyclic ring 
epoxidation the conversion of an alkene into an epoxide/oxirane using a peracid 
epoxide a three-membered cyclic ether, also called an oxirane 

ether a family of compounds in which an oxygen atom is attached to two carbon atoms 


ether cleavage the cleaving of an ether into an alcohol and an alkyl halide (usually iodide) using 
hydrogen iodide 


oxirane a three-membered cyclic ether, also called an epoxide 


peracid a compound of general formula RCO3H formed from а carboxylic acid by reaction with 
hydrogen peroxide 


polyether a compound containing many ether groups 
thioether a sulfur analog of an ether 


Williamson synthesis a synthesis of ethers involving ап Sy;2 nucleophilic attack by an alkoxy group 
on an alkyl halide 
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1| VI. Solutions to Problems 


For "How to Solve a Problem," review pages 122, 128, 133, 136, and 143. 


5.1 
(a) (> OCH, (D | CH43CH;CH;0CH;CH;CH; (c) dio ке 


(4) [5-— (e) CH,CH,CH,OCH,CH, 


5.2 (a) ethyl propyl ether or 1-ethoxypropane; (b) cyclobutyl ethyl ether or 
ethoxycyclobutane; (c) cyclopropyl ether or cyclopropoxycyclopropane. 


5.3 
(a) [> on „Мазы [> о" Ма“ ОИ [> осун, 
(b) on a OCH 
Vn 2. CHBr: NS 
5.4 
.lNa a Na 
C)- OH сна a рен 
(b) >on m ee © >—°о—< 
2. > 
(c) OH „Ма __ = Ма OCH 
CHBr 3 
5.5 


НЕ 
(а) <> om, —— <> он + CHI 


OCH; 


+ 


НЕ. мн СН 


—- ocn, L8 D on + CHI 


(b) мим 
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5.7 


5.8 


5.9 
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In order for such a conversion to occur the chlorine must be displaced as an anion - it is an 
adequate leaving group. Such a displacement normally occurs only by using a nucleophile. 
The hydroxyl group on the next carbon can be converted into the strongly nucleophilic 
alkoxide anion by reaction with sodium metal and it is perfectly positioned to carry out a 
backside 542 displacement, which is an internal Williamson ether synthesis. 


MC СТ] 

OC СК) -= С> 
OH о” i 
trans-2-chlorocyclopentanol cyclopentene oxide 
(а) Ба CH,COOOH DURO 

о 


CH,COOOH 


ob NA ње bw 


о 
The diol product is trans because the oxirane ring opens by nucleophilic attack of water on а 
carbon attached to the oxonium ion, which serves as a leaving group. The water makes a 


backside attack from above the cyclohexane ring while the epoxide oxygen becomes a 
hydroxyl group below that ring. 


HO 
—— —> 
ТИШЕ 7 -H* 
OH 


trans-cyclohexane-1,2-diol 


CH,COOOH + OC,Hs 
сн;==сн, = \ / zd i Vai 
О С.Н5ОН HO 
(a) ®: ó 1. CH3MgBr, ether CH, 
r 
2. H*/H,O 
OH 
HO 
(b) aan І. CH43COH 5 2. С.Н; 
— м === = 
3. H*/H,0 
о 
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5.11 (а) The problem becomes one of effecting а two-carbon homologation and the only route 
described so far is use of ethylene oxide in reaction with a Grignard reagent. First the 
starting alcohol must be converted to the necessary alkyl bromide using PBr3 or HBr. 


OH MgBr А 
PBr, Br Mg 5 1. ОН 
ee — » 
ether 2. H*/H,O 


(b) This problem also becomes one of accomplishing a two-carbon homologation. Therefore, 
converting the starting material to a Grignard reagent and reacting it with ethylene oxide 
adds the two carbons. The alcohol product is readily converted to the desired alkyl 


bromide using HBr or PBr3. 
‚О 
Mg k VEN PBr, 
— ———— —— 
OG ether 2. H7H;O 
Br MgBr 
OH Br 
5.12 
P dips: | 
H* £a] 1. C)Hs-OH | -H* 
C,Hs-OH ——» [сн,сн он, C2H5 E С.н, — 9» (С2Н5) О 
UE 2.-но M 


5.13 (а) 1-methoxypropane or methyl propyl ether 
(b) 2-methoxypropane or isopropyl methyl ether 
(c) 2-methoxyhexane 
(d) cis-2-butene oxide or cis-2,3-dimethyloxirane 
(e) 3-methoxy-1-propanol 
(f) cyclobutyl ether 
(g) ethyl propyl ether or 1-ethoxypropane 
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5.14 
H 
(a) | (b) оно ХА (c) > о— 
СНО су 
сну Шы OC,H, 
C2Hs 4%, OCH3 E ДУ И б СН» сн; 
(d) (e) “6 оф 
о 


о 


5.15 The compound САН100 could be an alcohol or an ether derived from a butane. Two alcohols 
are derived from butane and two from isobutane. Two ethers can be derived from butane, 


and only one ether can be derived from isobutane. Therefore, there are four alcohols and 
three ethers with the formula С4Н100. 


ЧУ 


ОН 
but 
55 PNAS ^no N 
b s DR ees oH bd PT ^ 
OH 
isobutane 
5.16 (CH3)3C-O-CH2CH3 
5.17 
OH OCH; 
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5.18 
CH3COjH 
«pp =) [T 
CH; CH;CH; 
(b) CH; fin, NU CH,CH, CH;C0O3H H ~ ~ H 
H o ~ H “у 
О 
(с) O CH3CO3H 
[0] 

5.19 


b HBr 
© { у excess? о 


ОН 
НУН.О 
(с) N / x, y 
o HO 
OCH; 
(д) 7 1. NaOCH; 
\ 2H'/HO но’ 
CH; CH; 
NaOCH 
(е) а— сан. оон; 
Н HS 
C2H5 Hs 


5.20 The product is trans-1,2-cyclohexanediol. The stereochemistry is trans because the 
hydroxide nucleophile attacks the backside of the oxirane carbon (SN2 reaction), 
approaching from above the cyclohexane ring. Therefore the oxirane ring opens to the 
lower side of the cyclohexane ring, leaving the two hydroxyl groups trans to each other. 


OH 
- : = 
€) HO 
H-O-H 
4) 
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5.21 
HI 
(а) CH,CH,CH,OCH,CH,CH, — 3 CH,CH,CH,OH +  CH,CH;CH,I 


OCH, OH 


(b) mí HI [7]. + CHI 


5.22 


HO 
(a) ФУ HBr 


( О (о ЊОЈ, 
HON и. Е НО. 
ОСН 3 


ОН 
5.23 
NAAN AA S М“ У + á 
N 
1-methoxybutane 1-ефохургорапе 
2-methoxy-2-methylpropane 


Ра "Y (t-butyl methyl ether) 
о ^D x: ч 
2-ethoxypropane 1-methoxy-2-methylpropane 
5.24 
Ven" 307500 МАМАМ 
о OH 
hexane 1,2-dimethoxyethane |-ћехапо! 


The boiling point and water solubility sequences are determined mainly by the ability of 
each compound to hydrogen bond. 


Boiling point sequence: 

hexane « 1,2-dimethoxypropane « 1-hexanol 
Solubility in water sequence: 

hexane < 1,2-dimethoxypropane < 1-hexanol 
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The two possible structures are A and B which result from nucleophilic attack of methoxide 
on a carbon which is part of the oxirane ring. 


bw: NaOCH, D db Ду он 


+ 
o HO ОСН» 
А B 


The key distinguishing feature of the two products is that A is a secondary alcohol and B is 
a primary alcohol. Therefore, A should give а moderate-rate Lucas test (HCl and ZnCl2) 
whereas B should be unreactive. Since reaction of propylene oxide with methoxide will be 
an $42 reaction, the major product should be A, that resulting from preferential attack of 
methoxide at the primary, rather than the secondary, carbon of the oxirane. 


Metallic sodium added to each liquid would produce no reaction with hexane or 
1,2-dimethoxyhexane but would evolve a gas with 1-hexanol. 1-Hexanol and 
1,2-dimethoxyethane both would dissolve in concentrated sulfuric acid. Thus, these two 
tests would distinguish between the alkane, the ether, and the alcohol by exhibiting three 
different combinations of behavior: 


hexane is inert to both reagents; 
1,2-dimethoxyethane dissolves in Н2504 but does not react with sodium; 
1-hexanol dissolves in Н2504 and reacts with sodium. 


From the formula САН100 the compound must be an alcohol or an ether (it fits the general 
formula for an alkane plus an oxygen). Since A did not react with sodium it cannot be an 
alcohol so must be an ether. Consistent with this conclusion it was cleaved by HI and 
produced CH3I, so the other fragment (В) is а C3 unit. Further, B is an alcohol because it 
reacted with metallic sodium. The reaction of B with HBr is typical for an alcohol and 
produces an alkyl bromide (C). There are only two possible C3 bromides, 1-bromopropane 
and 2-bromopropane. Since C reacted slowly with both reagents the behavior is typical of 


a secondary alkyl bromide. Thus, C is 2-bromopropane and this means B must be 2-propanol 
and A must be 2-methoxypropane. 


HI HB 
> OCH; = > он — > Br 
A B С 


О 


OH 
CH4CO4H H*/H;0 
ЕР EO. Sue in ш. Y^ 
HO 
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5.29 
OH 
H*/H,O 
С) CH,CO,H F OH 
о - 
OH/H;O 
Q-» 
“OH 
trans-\,2-cyclohexanedio]} 
5.30 
CH P 
CO3H 
= с 
1-butene A 
OH PPS М“ Br E S М“ MgBr 
Nn” ether 
1-butanol B c 
OH 
P E P MET 
MgBr -l.ether X. 
O =. ымы 2. НУН,О 5 
A С | 
5.31 
ХА СН.ОН vee 
+ 1 
" 
О H HO 
ethylene oxide methyl cellosolve 


О HO 


VW шн vA H— OCH, ge OCH; 
Я ко > „и — /—7 
H 
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5.32 | 
ОСН» OCH, 
к 1. Na metal / 
— 
HO d CH CHO 
d 
OCH, Na OCH, CHI OCH; 
HO “о CHO 
Na* 
5.33 
1. \ / 
Mg O | 
(a) CH3OCH;,CHjBr ——==  CH4OCH;CH;MgBr ——— ———3» СН:О(СН›);ОН 
ether 2. НО 
Mg HO 
(b) CHj,OCH;CHjBr "ans "  CHOOCH;CHMgBr —7À» — CHj0CH;CH; 
5.34 


Na 
(а) С» он “ыы ONa 


(b) С» ОСН» DA no reaction 


(с) С» осн, -ME погеасіоп 


(d C,H;0C,Hs es Сон + Она 


#80, 
(e) CH,CH,CH,OCH,CH,CH, i e no reaction (Note: the ether would dissolve 


by virtue of forming an oxonium ion but 
there would be no conversion; addition of 
water would lead to recovery of the ether) 


NaOH . 
(f) О — —— —»M-  noreaction 
heat 


5.36 


5.37 
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1. ethylene 
Mg/ether oxide HBr. 
(а) CH,CH,Br ———% CH,CH2MgBr энн CH;(CH2);0H —»- СН,(СН:) Вг 
- 2 


Ма (он 
» Orn c H Q--O 
ess 
Br 
CH3CO;H "OH xs 
3 
(c) [1 " р H,O E 
70H 


d Hbr Mg = 
(9) OH ——= [>—в SS [> мев ————- 
ether 2. H+/H,O 
OH 


(a) Concentrated sulfuric acid. The acid would dissolve diethyl ether by protonating the 
ethereal oxygen and forming an oxonium ion but pentane would not be protonated and would 
not dissolve. 

(b) Metallic sodium. Hydrogen gas would be evolved with ethanol as the sodium reacted 
with the hydroxyl group to form sodium ethoxide. There would be no reaction with methyl 
ethyl ether. 

(c) Metallic sodium. Hydrogen gas would be evolved with pentanol as the sodium reacted 
with the hydroxyl group to form sodium pentoxide. There would be no reaction with 
pentane. 


Since the compound is an alcohol and an ether there must be at least one -OH functional 
group and one C-O-C functional group. Since there are three oxygens in the compound there 
must be two of one group and one of the other. There cannot be an -OH group on a carbon 
which also carries an alkoxy group (that would be a hemiacetal group - see Section 13.4.2). 
Finally, recall that excess HI will convert any -OH group to an iodo group and any ether 
group to two iodo groups. Since only 1,2-diiodoethane (ICH2CH2I) was obtained upon HI 
cleavage, and since there are four carbons in the unknown compound, two C2 units must be 
joined and this only can occur via an ether linkage. Therefore, the structure for САН1003 is 
HOCH2CH20CH2CH20H. 
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vil. Conceptual Problem 
In an Ethereal Mood 


ou are employed as the patient liason in the surgical group of a large hospital. You sit in on 

a pre-operative meeting between a college athlete and her anesthesiologist, Dr. Dunn. 

Dr. Dunn discusses the pros and cons of various possible anesthetics with the athlete and 

then concludes, given her medical history, that isoflurane (1-chloro-2,2,2-difluoroethyl 
difluoromethyl ether, CF;CHCI-O-CHF,) would be the most appropriate choice under the 
circumstances and her medical history. He sets a bottle of the compound on the table for all to 
see—the label reads simply "isoflurane." After the anesthesiologist leaves, the athlete, who has 
just completed a course in organic chemistry, decides to pass the time by testing your knowledge of 
organic chemistry. 


И She asks you to draw the two enantiomers of isoflurane, showing the correct tetrahedral 
geometry and configurations about the stereocenter. She wonders whether the anesthetic is used 
as an enantiomer or as a racemate? 


* Ans: Since the bottle does not indicate configuration before the name, you surmise that it is the 


racemic form. 
H 
sm OCHF, o S 


7 
7 


Ш She mentions that she knows that halothane (CF3CHBrCI) is a very popular modern anesthetic 
also. She asks what benefits it might have over ether compounds in a normal surgical 
environment, reminding you that operating rooms usually contain pure oxygen supplies? (You 
might want to refer to Section 5.3). 


* Ans: Ethers can form explosive peroxides in the presence of oxygen, but halothane can not. 
Although ethers are kept in small bottles and completely used up or discarded after each 
operation, and never used from an open container, accidental explosions have occurred. 
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his chapter introduces alkenes, the first example of unsaturated compounds, involving a new : 
hybridization of carbon. The second and third broad categories of reactions are also intro- 
duced—the addition reaction of alkenes and the elimination reactions used to prepare alkenes. 


A 


al. Learning Objectives 


z 


• Know the IUPAC nomenclature of alkenes and the common names of simple alkenes. 


• Understand the electronic structure of alkenes, including sp? (trigonal) hybridization, the concept 
of unsaturation, and the relative stability of various kinds of alkenes. 


* Understand the configurational isomerism possible in alkenes. 
* Know the E,Z system of designation of configurational isomers. 


* Write equations for the catalytic addition of hydrogen to alkenes (reduction) and be able to predict 
the stereochemical outcome of the syn addition. | 


* Understand the general mechanism for the addition of an electrophile to an alkene. Be able to рге- 


dict the regiochemistry of the addition of unsymmetrical reagents. Know the Markovnikov rule 
and why it is valid. 


* Write equations for the addition of hydrogen halides to alkenes. 
* Write equations for the acid-catalyzed hydration of alkenes. 


* Write equations for the anti-Markovnikov addition of water to alkenes, using the addition of dibo- 
rane followed by oxidation of the resulting trialkylborane to an alcohol. 


* Write equations for the stereospecific anti-addition of halogens to alkenes. 


* Write equations for the syn-oxidation of an alkene to а vicinal diol using cold potassium 
permanganate. 


* Write equations for the epoxidation of alkenes. 


* Know the mechanism for the acid-catalyzed dehydration of alcohols to alkenes. Be able to explain 
the regiochemistry of such reactions (known as the Zaitzev rule). 


• Know the mechanism for the base-induced dehydrohalogenation of alkyl halides to alkenes. Be 
able to explain the regiochemistry and the stereospecificity of the E2 elimination reaction. 


* Understand the competition between elimination and substitution when an alkyl halide reacts 
with a nucleophile, as well as the factors controlling the ratio of products formed. 
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* Be able to carry out two-step syntheses involving alkyl halides, alcohols, and alkenes, applying a 
retrosynthetic approach. 


* Be able to determine the structure of simple unknown compounds using qualitative tests and 
analysis of molecular formulas. 


ПИ. Glossary 
addition reaction a reaction in which a reagent combines with a substrate, in this chapter an alkene. 
All of the atoms of both the reagent and the substrate appear in the product 


alkene a family of hydrocarbons containing one or more double bonds and whose acyclic members 
have the general formula C,H), 


allyl group the СН,=СН-СН,- group 


anti addition an addition reaction in which the adding atoms or groups (the electrophile and the 
nucleophile) add to the opposite side of the double bond 


anti-Markovnikov addition an addition reaction in which the product appears as though the 
addition occurred with a regiochemistry opposite to that predicted by the Markovnikov rule 


catalytic hydrogenation the addition of hydrogen in the presence of a catalyst, typically Pt, Pd, or 
Raney nickel (RaNi) 


cis/trans isomers stereoisomers that have their substituents attached to different sides of a fixed 
plane of reference (a ring or a double bond) 


cis alkene an alkene with one substituent on each trigonal carbon with both substituents on the 
same side of the double bond 


dehydration the reaction in which the elements of water are removed from an alcohol to form an 
alkene 


dehydrohalogenation the reaction in which the elements of hydrogen halide are removed from an 
alkyl halide to form an alkene 


diene a compound with two double bonds 


double bond a covalent bond between two carbons in which four electrons are shared. It involves 
one sigma bond and one pi bond 


E2 elimination a bimolecular elimination of an alkyl halide (to form an alkene) that is concerted and 
occurs with anti stereochemistry (the hydrogen and halogen leave from opposite directions) 


(E) isomer an alkene stereoisomer in which the substituents with the highest priority on each 
trigonal carbon are located on opposite sides of the double bond 


electrophilic addition addition to an alkene that is initiated by attack of the alkene pi electrons on 
an electrophile 
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elimination reaction a reaction in which the elements of a simple compound, typically water or a 
hydrogen halide, are removed from a compound to form an alkene 


epoxidation the oxidation of an alkene with a peracid to form an epoxide (oxirane) 
gem dihalide a compound in which two halogens are attached to a single carbon atom 


hydration of alkene the addition of water across a double bond to form an alcohol, usually using 
an acid catalyst 


hydroboration of alkenes the addition of diborane across the double bond of three equivalents of 
alkene to produce a trialkylborane. Oxidation of the latter produces three equivalents of alcohol, the 
overall result being the anti-Markovnikov hydration of the alkene 


hydrogenation the addition of hydrogen to a multiple bond. Hydrogenation of alkenes produces 
alkanes 


hydrohalogenation the addition of a hydrogen halide to an alkene 


Markovnikov's rule an empirical rule that predicts that in the addition of an unsymmetrical 
reagent to an unsymmetrical alkene, the nucleophilic portion of the reagent is attached to the most 
highly substituted carbon. This rule is now explainable on the basis of the mechanism of elec- 
trophilic addition 


methylene group the -СН,- or СН,= group 


ozonolysis of alkenes the reaction of alkenes with ozone to form an ozonide; after treatment with 
zinc and water (a reduction) two carbonyl compounds result from the cleavage of the double bond 


pi bond a bond formed by the overlap of two parallel p orbitals 
pi orbital a molecular orbital formed by the overlap of two parallel p orbitals 
polyene a compound with many double bonds 


reduction increasing the hydrogen content or decreasing the oxygen content in a compound; 
reduction of alkenes implies the hydrogenation of alkenes 


regiochemistry the orientation of a reaction with an unsymmetrical substrate 


regioselective reaction a reaction which occurs to form preferentially, though not necessarily 
exclusively, one of two possible positional isomers 


stereospecific a reaction that occurs with predictable stereochemistry to produce a single 
stereoisomer 


stereospecific addition an addition reaction that occurs with predictable stereochemistry, forming 
either syn or anti addition products, but not both 


syn addition an addition reaction in which both adding atoms or groups (the electrophile and the 
nucleophile) add to the same side of the double bond 


trans alkene an alkene with one substituent on each trigonal carbon and with the two substituents 
on the opposite side of the double bond 
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trigonal hybridization the hybridization of a single s orbital and two p orbitals to form three sp? 
hybrid orbitals directed to the corners of an imaginary equilateral triangle, with an unhybridized p 
orbital oriented perpendicular to the plane of the triangle 


unsaturated hydrocarbon a hydrocarbon containing one or more double or triple bonds. Such a 
compound can be "saturated" by the addition of hydrogen to form a saturated hydrocarbon (alkane) 


vicinal dihalide a compound with a halogen attached to each of two adjacent carbons 
vinyl group the СН,=СН- group 


(Z) isomer an alkene stereoisomer in which the substituents with the highest priority on each trigo- 
nal carbon are located on the same side of the double bond 


Zaitzev rule an empirical rule which predicts that in an elimination reaction, in which two or more 
alkenes could be formed, the major product will be the most highly substituted alkene 


xu 


М. Summary of Preparation of Alkenes 


isl V. Summary of Reactions of Alkenes 


| | НУР 
Alkane H— m f —H 
Alkyl hali H с : 
ide —C-—C-—X 
y al H3PO, 1 | 
—с—с— 
os ^ | d 
vic-Dihalide X—C—C—X на 
| | Alcohol 
| 
Alcohol H—C— C— он I | 
| | 7 
— cec =с= << = 
| 1 ^ iN | | 
=> C C= X 
Alcohol HO f f H Alkene $ 
1° or 2° Alkyl halide 
| | 
Epoxide =C= <= 
о "pue 
T | | H X 
vic-Diol HO— p= f — OH 3? Alkyl halide 


N 7 
Carbonyls сео + O=C 
L N 
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| VI. Solutions to Problems 


For "How to Solve a Problem," refer to pages 188, 199, 201, 206, 211, 213, 218, and 220. 
6.1 


@) TW ы >< о Soon 


di-substituted tetra-substituted both are di-substituted 


6.2 (a) 3-bromo-4-methylcyclopentene (di-substituted); (b) 2-methyl-2-pentene 
(tri-substituted); (c) 1-ethyl-1,4-cyclohexadiene (tri- and di-substituted). 


6.3 
(a) E o Ss © (o oH (à ( 4 
mono-substituted mono-substituted di-substituted mono- and tri-substituted 
6.4 Cis and trans isomers are possible for 2-hexene and 1-chloropropene. 
„ч „==. (4) at. a= ~ 
(2)-2-һехепе (Z)-1-chloropropene 
чм 
а JN 

(вее (E)-1-chloropropene 

6.5 


= b = — 
(a) — (b) == © ~“ 
6.6 (a) (E)-3,4-dimethyl-3-hexene; (b) (Z)-3-bromo-2-heptene; (с) (E)-2-ethyl-2-penten-1-ol. 


6.7 
@ и а NISN 


(b) On IDE es p 


(c) S^. EP. S SS 
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Cl 
HBr 


Br 
Ы МХ т + e 
Br 


CI 


e p = О 


(a) У „Не. a 


isobutylene 
(2-methylpropene) 


B 
o Q ey nis 


1-methylcyclobutene 1-bromo-1-methylcyclobutane 
Br 


С MESS ы А. 


1-butene 


t-butyl chloride 


2-bromobutane 


H2S0,4/H20 
(a) () saa d (>) он 
(b) Nn fF H,SO,/H,O iras di 


OH 
© Мими — см 
OH 


€ [) ото CX 


OH 
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1.B,H, 
3 о 
2. МаОН/Н»О» ОН 


(с) O~” 1. B2H6 ( OH 
a 
2. МаОН/Н»О» 
© [— == Q- 
2. МаОН/Н,О, / 
(a) Isobutylene (2-methylpropene) and dilute sulfuric acid; 
H20 
= H,SO,. | 9H 
(b) 1-methylcyclohexene and dilute sulfuric acid; 
< wer CX 
-—— 
H2SO4 OH 
(c) 1-methylcyclohexene and diborane, then sodium hydroxide and hydrogen peroxide; 
1. В.Н; 
——————- 
C) 2. H)O/NaOH а 


ОН 


(d) 3-methyl-1-pentene and dilute sulfuric acid, or 3-methyl-2-pentene and diborane, then 


sodium hydroxide and hydrogen peroxide. 


8”, = 

А #2504 

e 1. ВН; OH 
Su. 2. Н›О›ЛЧаОН 
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6.13 


All of these reactions produce racemic mixtures, that is both enantiomers in equal amounts 
Careful inspection reveals that one isomer is the mirror image of the other isomer (flip the right 
hand isomer 180? to prove this to yourself). 


Br Br, 
(a) > ML Ts 


Br, + 
(b) , 2 1 
CH, 2% Br Br = ¿Scu 
Вг CH; 


Br, 
б) 7 rd pco» чв Br T Br 
7 % 
Br Н H "Br 
H 
B ы Вг B 
(d) um T2 : А г b 
c Н м H 
CH, 
Br H Br 
6.14 
a b 
H Mn, A" H H Ж, x H 
CH; СН; cl—— С! CH, CH, 
ЧУ а А 
- o 
Cl 
(attack (attack 
at b) at a) 
CH, H 


a pair of enantiomers (a racemic mixture) 
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6.15 
Bc ce 2 а 
НО OH 
trans-1,2-cyclohexanediol 
(b) KMnO, 
cold 
HO OH 
cis-1,2-cyclohexanediol 
о 
© = CH3CO3H / N NaOCH; 
H H 
2 sas 
СНзО ОСН. 
3S-methoxy-2S-butanol 3R-methoxy-2R-butanol 
Racemic 3-methoxy-2-butanol 
6.16 
1. Оз 
(а) CH3;CH=C(CH3)2 —— = CH;CHO + O=C(CH3)2 
2. Zn/H,O 
(b) 28 O-CH(C 
D y H - 
2. Zn/H,O ОНО 
(с) —— 2H,C=O + O-CHCH-O 
с) CH;-CH-CH- 2 c Mie = = 
2=СН-СН=СН; 2. Zn/H,0 
e ГЇ па CH,COCH,CH,CHO 
—— 7 
2. 7Н.О а 


6.17 The molecular formula of C5Hg indicates the compound is "short" four hydrogens from being 
a C5 alkane (which would be C5H12). Therefore, there must be two rings, two double bonds, 


or one of each in the structure. Since it only absorbs one equivalent of hydrogen, and 
therefore forms С5Н10, the original compound must contain only one double bond, and 


therefore one ring. Since only a single compound was obtained upon ozonolysis, which 
cleaves a double bond, the two "ends" of the double bond must be connected. In other words, 
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it must be a cyclic compound which contains the double bond in the ring and for which the 
following are possible structures: 


оц ху YY 


Additional experiments, usually spectroscopic (see Chapter 11), would be required to 
distinguish between these possibilities. 


6.18 
Cre M = 
OH : 
major product 
te 
(c) OH Eros 
CH; CH, CH, 
major product 
6.19 


oR BR NA 
Cn ir ad Лоро. У^ 
OH с: 
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6.20 The challenge is to literally "move" a hydroxyl group from one carbon to an adjacent carbon. 
Of course, this cannot be done directly. However, alcohols can be converted into alkenes 
which can be re-converted into alcohols with pre-determined regioselectivity. Therefore a 


dehydration followed by re-hydration in an anti-Markovnikov orientation accomplishes 
the goal. 


OH 
"> и #50, di 1. ВН sA 


heat 2. NaOH/H;0? LN 


3-methyl-2-butanol 


2-methyl-2-butanol 


6.21 
(a) Sani NAD Es - " Q 
А 
major minor 
NaOEt 
o (== === О 
4 А 
% 
H3PO, 
o Qo He Q+ О 
А 
major minor 
6.22 
NaOC;H 
(а) "UP TT. = е ч 
А 
А 
(с) аа NaOCaHs nd. 
^ 
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6.23 
Br | 
(а) Y^ oe Б 
Вг ОН 
dil. NaOH 
(b) Y^ ———— Y^ 
Br 
NaOEt 
6.24 
pr KOBu! 
wS ЧА” ОСМ 
(b) On. | хова CX 
i; T 
Br 
NaOCH 
(c) De 
bé cold dr di 
I OCH; 
NaOEt N 
(d) э ү 
А 
nad 
6.25 


нон, 
(b) 


(a) M -HBr _NaQEt 5 “> 4 
Бета 
1. Na M ee 
oy 2. CHAI 


(c) 


OCH, 
"E -EOBu,. E m 
хс о 
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6.26 (а) 2-pentene; (b) (E)-5-methyl-2-hexene; (c) 1,2-dimethylcyclopentene; (d) (Z)1-bromo- 
2-chloro-1-butene; (e) 5-hexen-2-ol; (f) 2,3-dimethyl-2-butene; (g) 1,4-cyclohexadiene; 
(h) 3-methyl-1-pentene. 


6.27 


Qe «Оч en 
(i) a б) > 


6.28 (а) The lowest possible number for locating the double bond is 2, not 3. Correct name 15 


cis-2-pentene. 
ы 


(b) Name mixes the IUPAC system (numbering) with a historic name (propylene). Correct 
name is 2-methylpropene or isobutylene. 


A 


(c) Use of "trans" doesn't indicate which groups are trans. Correct name is 


E-3-methyl-3-hexene. 
T 


(d) Ethene is not the longest possible chain containing the double bond - it is butene. Correct 


name is 2,3-dimethyl-2-butene. 
Уу 


(е) Methyl substituent is not indicated with lowest possible number. Correct name is 


1-methylcyclobutene. 
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(f) Lowest possible numbers are not used. Correct name is 3,4-dibromocyclopentene. 


Br 


wo 


(g) Longest chain is hexene, not pentene. Correct name is 2-hexene. 
NINIAN 


(h) Alcohol functional group must carry lowest possible number. Correct name is 
3-penten-1-ol. 


ИУ ӘН 


(i) Double bonds should carry lowest possible numbers. Correct name is 


5,5-dimethyl-1,3-cyclohexadiene. 


(j) Longest chain is not butene. Correct name is 1,3-hexadiene. 

М“ 
The formula C4Hg represents a hydrocarbon which is two hydrogens "short" of being ап 
alkane. Therefore, it must contain either a double bond or a carbocyclic ring. The alkenes 
could be derived from a butane skeleton or an isobutane skeleton, and four different 


compounds are possible, two of which are cis-trans isomers of each other. The carbocyclic 
compounds could only have either a three- or four-membered ring. 


ge Sak Vemm. me и» 


The alkenes in problem 6.29 contain the following number of substituents on their double 
bonds, respectively: one, two, two, two. 


(a) 2-methyl-1-butene: is a di-substituted alkene rather than a mono-substituted alkene. 


(b) E-2-pentene: The substituents are on opposite sides of the alkene resulting in less steric 
hindrance. 


NY 
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(c) 1-methylcyclohexene: is a tri-substituted alkene rather than a disubstituted alkene. 


(d) 2,3-dimethyl-2-butene: is a tetra-substituted alkene rather than a tri-substituted 


alkene. 
A 


(e) trans-3,4-dimethylcyclobutene: the two methyl groups are oriented away from each 
other, thereby lowering the steric hindrance. 


6.32 Тһе highest priority group on each double bond is indicated by the small arrow: 


(a) ЗУУ То (b) SA Oo (с) SAM 


NHCOCH, ar. ĝi 


2 ЈЕ 2 


6.33 There are only two configurational isomers of 1,2-dimethylcyclohexane, the cis- and the 
trans-. The hydrogenation process occurs by two hydrogen atoms being "delivered" to the 
alkene from the catalyst surface. Thus, they approach the alkene from the same side. In 
order to form a trans isomer the hydrogens must be "delivered" from the opposite sides of 
the ring and that is physically impossible with these catalytic surfaces. Thus, the only 
product is the cis isomer. 


CH, 


® Es (2 = es _ сн, 


CH, CH, CH, CH; 
cis-1,2-dimethylcyclohexane 


6.34  Caryophyllene, C15H24, is "short" eight hydrogens from being a saturated acyclic alkane 
(C15H32). Therefore, it must contain a combination of four rings or double bonds (excluding 


consideration of triple bonds at this point). Since hydrogenation adds four hydrogens there 
must have been two double bonds present. By difference, therefore, it must contain two 
rings. Therefore, it can be concluded that caryophyllene is a bicyclic diene. 
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6.35 
Br (a) BrJCCl 
T. 
E Е oH 
1. CHCO,H (6 
Br ies V 
HO/H,SO, 
bd ^ = x 
RR 
HO 
1 
6.36 
Вг (у вуса, 
он 
% Вг 1. CHCO;H (0 Cr 
OH ^; OH 
= 
2. NaOH, Н;0; 
-«———— € m 
g © KMnO, (h) cr 
—— > 
d) cold 
O ( HCl | он 
1. HBr (0) СУ: 
CHO (е) 1.0; 2. Nal 
CHO 2. Zn/H,O 
6.37 


B 
SAS (а) BrjCCl, 


(b) H;O/H;SO, 


1. СНЭСОЗН (6 


k ET 


| KMnO, (h) 
e (d) НСІ cold 
A 1. HBr (i) 
CH;CHO (e) 1.0, 2. Nal 

Dura 2. Zu/HjO 
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Three constitutionally isomeric alkenes could produce 2,3,4-trimethylpentane. 


Ye See See а 


2,3,4-trimethylpentane 


This problem is solved by realizing that ozonolysis cleaves a double bond, producing two 
carbonyl compounds. If only one carbonyl compound is obtained then two conclusions are 
possible, either the alkene was cyclic or the alkene was symmetrical. 


1.0, 
(a) СНО + (CH,),CHCHO -«—— — — CH,=CHCH(CH;) 
2. Zn/H,O 
‚ Оз 

(b CH,CH;CHO EO. Zug СЊСН:СН=СНСНСН, 

1. О; 
(с) O=CHCH,CH,CH=0 -«—— ——— 

2. Zn/H,0 


Formaldehyde would be produced from three of the five pentenes as shown below: 


(a) ми МИР HBr... NN 


Br 
(b) > Еви с. DRK 
2. NaOH/H,0, 
(c) >=. Ho а R 


OH 


H 
Bra 2 CH 
=== Вг S 7 
(ee qe Jo фен 
Сн; \ 
Вг 
он 


H050; № x^ 


Вг, = 
(5 C) з Xd BS | 
$ 
Br Br 
O 1. CH4CO,H у С 
Oo — 
(8) 2. NaOH 
но "OH 
T O KMnO a = 
cold 
HO OH 
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6.42 
e Qe ма. Qa + О 
OH » | А 
тајог тіпог 
H4PO, 
(b) CH4CH;CH;CH;0H BUT UR c CH4CH;CH-CH3 
H4PO, 
(c) CH4CH;CHOHCH; E CH,CH=CHCH, + CH,CH,CH=CH, 
major minor 
OH A » 
major minor 
6.43 
H2SQ4 
(а)  CH4CH;C(OH)(CH3) TEES CH3CH-C(CH35 
CH, CH; 
OH 
5 O но, _ 
А 
OS™ a NF 
OH A 
Н,80, 
(4) (стон = 
6.44 


а 


1. ВН 
2. NaOH/H202 Ми“ — 


fel 
pyridine bdo 
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6.45 
МаоС,Н; 
о DR ПК = 
heat 
CI 
H,SO 
(b) —— он te у= 
heat 
NaOC,H, 
(c) Nm Br ay 
heat 
Be NaOC;Hs 
(d) «A = NIN 
ea 
(e) Ta Кови MASS 
heat < 


6.46 — Two products are possible in this dehydration reaction. 1-Methylcyclopentene is expected 
to be the major product because it has the most stable double bond, being tri-substituted. 
Methylenecyclopentane has a di-substituted double bond. 


CH, op CH; -H,0 _ ~ 7 
oe у 
Р Р: | HPO, 
Фа сњ [= сн, 


I-methylcyclopentene methylenecyclopentane 
(major product) (minor product) 
6.47 
(a) thy OR == + L ; 
еапо1 Реми 
а major OH 
minor 
KOBv' 
(b) У ———————— >ч + = 
t-butyl alcohol : >=v 
СІ тајог minor 
(c) oN ДОС naz + < 
ethanol Я . 
СІ major minor 
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KOBv' 
(а хеч — — 
Br t-butyl alcohol YNZ 


(b) p — KoBv > Jum 


t-butyl alcohol 


ОСН 
(с) Вг осн. `>= 
ethanol 
NaOOH 
o OX, Meme 
Br ethanol 


There are no cis-trans isomers for myrcene or for limonene. There are four cis-trans 
isomers for farnesol, two each at the C2. 5 and C67 double bonds. There will be a 


22,62-, а 2Z,6E-, a 2E,6E-, and а 2E,6Z- isomer. Farnesol itself is named 
3,7,11-trimethyl-2E,6E,10-dodecatrien-1-ol. 


OC ee quur = {= 


major minor 
(b) Og dO. C2- " (О 
heat 
major minor 
HSO, 
i AK — а eet t м © 
һеа! 
OH major minor 


HSQ; 
(d) AA o ee „Ае ok 
heat 
OH 


(a) there are two cis-trans isomers for oleic acid: cis and trans. 


(b) There are four cis-trans isomers for linoleic acid: cis-cis, cis-trans, trans-cis, and trans- 
trans. 


(c) There are eight cis-trans isomers for linolenic acid: cis-cis-cis, cis-cis-trans, cis-trans- 
cis, cis-trans-trans, trans-trans-trans, trans-trans-cis, trans-cis-trans, and trans-cis-cis. 
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(a) коњ, 1. lLEH ox PBr 

COSS A oi 2. NaOH/H50; 

(b) о E А 1. l. BHs __ КЕ 
ки. 2.NaOH/H,O» 


OH 


Ви а! 
(с) МИ с KOBu NAAN — = d 
OH 
KMnO, 
(d) Oon Шм жаы CI 
А cold 
CH;CO; A ОН 
НРО CH;CO3H 
о шы онш л... 
mO > CH, 
CHC! OR. 
(D се Н, С = 50, CX 


OH 
КОВи' 1.B 
(g) C» CH,C! — DB ie СЊОН 
2. 2. Маон 2 
Маон 


_НЗРОг 
o-a Be 4) Se О 


The unknown's molecular formula fits the 2n+2 general formula for an alkane. It contains a 
single oxygen, indicating it is an alcohol or an ether. Since it evolved a gas when reacted 
with metallic sodium it must be an alcohol. The fact that it underwent oxidation with 
sodium dichromate means it must be a primary or secondary alcohol. This is confirmed by 
the reaction with concentrated sulfuric acid (dehydration conditions) in which the 
unknown loses Н2О to afford C4Hg, an alkene. The fact that there are no isomers of the 
alkene formed means water could be eliminated from the alcohol in only a single direction - 
this means it must either be a primary alcohol or a symmetrically-substituted alcohol. 


Hydrogenation of the alkene produced the parent alkane, a butane, of which there are only 
two constitutional isomers. 
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Two structures best fit the provided evidence, n-butyl alcohol and isobutyl alcohol. The 
evidence provided does not permit distinguishing between these two isomers. 


SS Un O "^w мы 
E Е НУР 

n-butyl alcohol њо a 

HO 

isobutyl alcohol 


6.54 
Кови 
(а) СН,Вг ———= (= 
KOBv' 
Ten eg 
t 
(c) А Чуй КОНЫ. о ч 
6.55 


1. Оз CHO 
R ЛО 2. Zn/H,O EM 
MESES CHO 
1.0, 
(b) Бетта ря CHO 
2. Zn/H,O 


CHO 


6.56 Since the alkyl bromide reacted slowly with both sodium iodide and silver nitrate it 
probably is a secondary bromide. Reaction with sodium ethoxide resulted in the 
elimination of HBr and the formation of two alkenes. Therefore the bromide is attached to 
a secondary carbon which has different substituents on each side of it. On the basis of the 
ozonolysis products the structure of the alkenes Y and Z is as shown below. 


(CH3);C=CHCH2CH; (CH;)CHCH=CHCH; | (CH3);CHCHBrCH,CH, 
Y 7. x 


The only alkyl halide structure which can produce both Y and Z upon dehydrohalogenation 
is compound X, which is a secondary bromide. 
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6.57 The formula indicates the pheromone is "short" four hydrogens from an alkane structure 
(C21H44) and so has a combination of two double bonds or rings. The bromine and 
permanganate reactions indicates that at least one double bond is present. Since the 
pheromone absorbed two equivalents of hydrogen (i.e., 2H2) upon hydrogenation there were 
two double bonds present, so the compound is an acyclic structure. Each double bond produces 
two carbonyl groups upon ozonolysis which must be accounted for in the products. Piecing 
together the carbonyl compounds indicates the pheromone has the structure shown: 


CH; (CH3) 1 gCH=CHCH,CH=CH(CH))4CH 3 


6.58 Based on its molecular formula limonene is six hydrogens "short" of an alkane structure, 
indicating the presence of a combination of three double bonds and/or rings. Since it absorbs 
only two equivalents of hydrogen limonene must have two double bonds and one six- 
membered ring. Examination of the ozonolysis products indicates there must be one double 
bond in the ring and one not in the ring (the CH2O must come from an "exocyclic" double 
bond, one not involved in a ring). The three carbonyl groups in the tricarbonyl compound 
could arise from two different ring structures (connections from A or B), only one of which 
(A) results in a six-membered ring. Therefore, the structure of limonene results from 
connection A is as shown below. 


aS © 


Limonene 


6.59 Hydration results in the addition of water to both double bonds in a Markovnikov 
orientation. Therefore the "terpin hydrate" must have the structure shown below. It 
contains no stereocenters. However, the newly added ring-hydroxyl substituent could be 
oriented either cis- or trans- to the existing C3 side chain. Thus, two configurational 
isomers will be formed. 


OH 
H20 
— > 
Њ504 
он 
Limonene terpin hydrate 
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Compound А, the ozonolysis product from a-pinene, contains all ten original carbon atoms - 
no carbons were lost. Therefore, ozonolysis resulted in ring cleavage, with the double bond 
being endocyclic (that is, within the ring) and being located where the carbonyl groups are 
now found. Therefore, 0-ріпепе has the structure shown below. 


Q-pinene B-pinene 


Compound B, from B-pinene, has only nine of the ten original carbons. Therefore, one carbon 
must have been lost as formaldehyde (CH20). The double bond must been from the ring to a 


methylene group located exocyclic (that is, outside the ring) to the ring and located as 
shown in the structure of B-pinene shown above. 


All of the possible alkene isomers of С5Н10 are shown in (a), with the asterisk indicating 
2-methylpentene can exist as two stereoisomers as shown in (b). 


* 
(а) CH,CH,CH,CH=CH,  CH,CH,CH-CHCH,  (CHj4C-CHCH, 


(CH,),CHCH=CH, CH4CH;C(CH;)-CH; 


0 МАМ Sy 


trans-2-pentene cis-2-pentene 


An alkene is protonated by an acid and this example is facile because of the stability of the 
t-butyl carbocation which is formed. The carbocation then completes its octet by reacting 
with the nucleophilic methanol, the only nucleophile (other than the very weak bisulfate 


anion, HSO4) in the solution. Loss of a proton from the oxonium ion forms t-butyl methyl 
ether (known as the gasoline additive MTBE in the petroleum industry). 


>< ~ E: oe +? / cmon -FK. /“ eee e OCH, 
wo 


An alkyl halide usually has two potential fates in the presence of a nucleophile, 
substitution or elimination. In both instances bromide is expelled. Cyclohexyl bromide is a 
secondary bromide so both reactions are feasible: methanol is a modest nucleophile, and 
methoxide is a strong nucleophile. The elimination reaction is favored by heating with a 
strong nucleophile which attacks a proton resulting in an E2-elimination to afford 
cyclohexene as the major product. Use of the modest nucleophile methanol results in the 
532 substitution reaction predominating, affording cyclohexyl methyl ether as the major 
product. 


111 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


E2 C ————— + Br + CH, OH 
“OCH; 


ion _HOCH; „ (> ОСН» + НВг 
- =e 


6.64 Five different alkenes (constitutional isomers) can be derived from 2,3-dimethylpentane. 
The names and structures are as follows: 
A 34-dimethyl-1-pentene; В 3,4-dimethyl-2-pentene; C 2-ethyl-3-methyl-1-butene; 
D 2,3-dimethyl-2-pentene; E 2,3-dimethyl-1-pentene. 
Configurational isomers (cis-trans isomers) exist only for structural isomer B and they are 
shown as B-E and B-Z. D should be the most stable constitutional isomer because it is 
tetra-substituted. 


V" 
e X 


KMnO, OH 

а) CHCOH NaOH OH 
NaOEt el mL ~ а Фа 
heat "он 


(с) 


Вг 
г: Bm Br 


6.65 


(from (a)) 


i С›Н;Вг 
(е) (= Br Li, ether _ O CuLi : АЕ ae (68 
Cul 
2 
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The formula C5HgO indicates A is short four hydrogens from the alkane formula C5H12 so 
it has two double bonds and/or rings. It contains an oxygen which must be part of an ether or 
an alcohol group. Since A reacts with sodium it contains an alcohol group. The reaction 
with sodium produces an alkoxide and its treatment with methyl iodide must afford a 
methyl ether (B) via a Williamson reaction. The reaction of А and B with bromine and 
permanganate indicates at least one double bond is present. The fact that only one 
equivalent of hydrogen is consumed (to form C) indicates A contains one double bond and a 
ring. C must be saturated after hydrogenation and therefore its oxidation with 
permanganate or Jones' reagent indicates it is a primary or secondary alcohol (recall a 
tertiary alcohol cannot be oxidized). Thus, to this point it is known that A is a cyclic 
unsaturated five carbon primary or secondary alcohol. 


Reaction of A with PBr3 affords an alkyl bromide (E) (note in the formula an OH has been 
replaced by a Br) and treatment of the latter with sodium ethoxide effected a 
dehydrohalogenation (note the loss of HBr) to afford an alkene Е, C5H6. Ozonolysis of A 
produced a single compound which indicates the double bond is in the ring. The fact that F 
afforded two compounds each with two aldehyde groups indicates that F contained two 
double bonds and both were within the ring - the only way for this to be the case with a 
five carbon compound is for the ring to be a five-membered ring. 


One compound which fits these observations is a five-membered ring compound containing a 
double bond and carrying an alcohol substituent, such as compound A shown below. 


[e De Da 


B с Е 
НУР Í Na PBr, NaOC,H 
2. CH3I | H2/Pt 3 
[Docs (он O 
D A F 
2. Zn/H,O 2. Zn/H,O 
OH OH H 
+ 
G OCH-CHO 
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5 Vil. Conceptual Problem 


Frogs: The New "Canary" in the Mine? 


ou work for your state's wildlife management office. Increasingly, reports of sightings of 
deformed frogs in local ponds have crossed your desk. Just as canaries were once used to warn 
miners of poor air quality in the mines, so frogs may serve to warn us about environmental 
degradation. | 


Your initial research tells you that the first cases of deformed frogs were reported in Minnesota. 
Similar reports now have been documented from almost every state. The deformities included extra 
legs, malformed or missing legs, and other severe defects. One of the most common abnormalities is 
the absence of a hind limb. Your task is to consider hypotheses for "natural" causes, as well as 
chemically induced causes (that is, those that might result from human intervention in the 
environment) for such deformities. 


№ Can you propose any non-chemically induced, or "natural" causes for these observations of 
deformities? 


• Ans: natural causes could include naturally occurring biota (e.g., parasites) in the water or 
exposure to increased UV radiation. 


Researchers who are studying this problem are also vigorously pursuing a number of hypotheses as 
to the possible cause(s). One hypothesis involves the chemical insecticide trans,trans-(S)- 
methoprene, which is used in wetlands to kill mosquitos and can also be used in various sprays to 
kill fleas. The suspicion is that the compound binds to a receptor that regulates limb development 
in developing frog embryos. However, when frog embryos in a lab are treated with methoprene, 
normal development is seen. 


№ Can you think of any reason why methoprene would not cause abnormalities in the lab, but might 
in a natural environment? 

* Ans: The difference may lie in having a controlled environment versus a natural one. In the 
natural environment methoprene might be chemically altered when exposed to sunlight or 
when placed in natural waters containing microorganisms. A metabolite or an environmental 
degradation product of methoprene may be the mutagen (deforming agent). 


You learn that in the natural environment methoprene is reactive and that, in the presence of 
sunlight, the trans-trisubstituted double bond isomerizes to cis. This cis,trans-isomer may be 


mutagenic. 


E Draw that new isomer 
* Ans: 
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Alkynes 


|. Textbook Chapter Contents 


7.1 Nomenclature of Alkynes 


71.1 IUPAC Nomenclature 
71.2  Historical/ Common Name 


7.2 Structure of Alkynes 
7.21 Electronic Structure of Triple bonds: 
sp hybridization 
7.2.2 Acidity of Terminal Alkynes 
7.3 Reactions of Alkynes 


7.3.1 Hydrogenation (Reduction) of Alkynes 
Catalytic Hydrogenation of Alkynes to 
Alkanes 
Reduction of Alkynes to Cis Alkenes 
Reduction of Alkynes to Trans Alkenes 
7.3.2 Oxidation of Alkynes 


7.4 Synthesis of Alkynes 
7.5 Important Alkynes 


his chapter introduces the second family of unsaturated compounds, alkynes, 
that are compounds with a triple bond and sp hybridization of carbon. 


T Learning Objectives 


* Know the IUPAC nomenclature of alkynes and the naming of simple alkynes. 
Distinguish between internal and terminal alkynes. 


* Understand the nature of the sp hybridization of alkynes and the implications for 
reactions and stereochemistry. 
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* Understand the acidity of terminal alkynes and the nucleophilicity of the alkynide anions which 
result from loss of a proton. | | 


* Write equations for the catalytic hydrogenation of alkynes to form cis-alkenes or alkanes. 
* Write equations for the metal-ammonia reduction of alkenes to form trans-alkenes. 


е Write equations for the oxidation of alkynes to carboxylic acids. Be able to use this reaction to 
deduce the structure of unknown alkynes. 


* Be able to synthesize alkynes from acetylene using initial formation of an alkynide anion followed 
by its use in an 5112 substitution reaction with a primary or secondary alkyl halide. 


* Carry out three-step syntheses involving alkynes, alkenes, alcohols, and alkyl halides. 


ОН. Glossary 


alkylation of an alkyne replacement of a terminal hydrogen of an alkyne with an alkyl group 


alkyne a compound containing a triple bond and whose acyclic members have the general formula 
С„Нәл-2 


alkynide a carbanion formed by removal of a proton from a terminal alkyne carbon 


anti addition an addition reaction in which the adding atoms or groups (the electrophile and the 
nucleophile) add to the opposite side of the multiple bond 


hydrogenation the addition of hydrogen 


internal alkyne an alkyne with no hydrogens attached to an sp hybridized carbon; the triple bond is 
not at the end of a chain 


linear hybridization the hybridization of a single s orbital and a single p orbital to form two sp 
hybrid orbitals aligned 180? to each other (linear), with two unhybridized p orbitals oriented 
perpendicular to the linear sp orbitals and orthogonal to each other 


pheromone a chemical excreted in very small amounts by plants or animals that serves as a method 
of communication, most often within the same species. Examples are sex pheromones and alarm 
pheromones 


syn addition an addition reaction in which both adding atoms or groups (the electrophile and the 
nucleophile) add to the same side of the multiple bond 


terminal alkyne an alkyne with at least one hydrogen attached to an sp hybridized carbon; the triple 
bond is at one end of a chain 


triple bond a covalent bond between two carbon atoms in which six electrons are shared; it involves 
one sigma bond and two pi bonds 
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V. Summary of Reactions of Alkynes 


| | Нур 
Alkane H— uS T —H 
Alk Й Ё С 4 н =: 
епе = 
(cis) 7 \ Pd/CaCO; 
BS /NH 
7 i Lo __с=<— 
Alkene ET C р 3 cmc 
(trans) N H Alkyne 
О 
li 
Two HO == С <= 
carboxylic KMnO, or 
acids Q 1.0, 
a ee OH 2. Zn/H,O 


М. Summary of Preparation of Alkynes 


NaNH = Б 
н—скс-н Ву. [y сенс кеј == 


———»- н— С== С — К 
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^ VI. Solutions to Problems 


For "How to Solve a Problem," review pages 233, 240, and 243 


74 


7.2 


7.3 


7.4 


7.5 


Both molecular formulas indicate the hydrocarbons are four hydrogens "short" of being an 
alkane. Thus, they fit the general formula CnH2n-2 and must contain either a triple bond, 


or a combination of two double bonds or rings. They cannot contain two rings because there 
are not enough carbons to form two rings (a minimum of six carbons normally are required). 


(а)  CH,-CH-CH-CH, CH,=C=CHCH, [> > b> 


| | CH,CH,C=CH CH, C= ССН, 


(b) > CH,C=CH _ СНу=С=СН, 


(а) > c= c<] (b) CHCH C= CCH, 
(c) CH;CH=CHC=CCH,CH, (0) Q- С== CH 


(a) (E)-3-penten-1-yne; (b) 3-methylcyclooctyne; (c) 1-ethyny1-2-vinylcyclobutane. 


An sp hybrid carbon is more electronegative than an sp? hybrid carbon than a sp? hybrid 
carbon. The more electronegative carbon will be the more stable carbánion. Therefore, the 
order of acidity is as follows: 

(c) ethynylcyclobutane > (b) vinylcyclobutane > 

(a) ethylcyclobutane 


The bases NaNH2, CH3Li, and CH2=CHLi will convert 1-propyne into its anion because 


they are stronger bases than the propynyl carbanion. The bases NaOH, NaOCH3, МаОВи! 
are too weak. Put another way, propyne (pKa 25) is a stronger acid than the conjugate acids 
of these bases, ammonia (pKa 33), methane (pKa 50), and ethene (pKa 44): 


CH,CESCH + NaNH; = = CH;C=C Мао + NH 
CH,CE CH + СНА = CH,C=C Lit + CH, 


= 


СНз С== СН + сњесна ш” CH,C=C Lit + CH=CH, 


<= 
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7.6 
H 
(а) CH, CŒ CCH,CH, =” CH;CH,CH,CH,CH, 
H, 
=CH ———*s СН;СН,СН=СН 
(D | CH,CH;C Pd/CaCO; CH? 2 
Na/NH; 
(у CH,;CS=CCH,CH, ———» “и 
H 
(d) — 
Pd/CaCO,; 
7.7 
Оз 
(a) СН С== ССН; ———>- 2CH,COOH 
2-butyne 
о 
(b  CH,CH-CHCH;Cms ССН ——-». CH,CHO + OHCCH,COOH + CH,COOH 
2-hepten-5-yne 
о; 
(с) — HOOC(CH,),COOH 
cyclooctyne 
Гу KMnO, 
(d CH;C=CH -————>»_ СНСООН + СО, 
propyne 
7.8 
1. NaNH; 1. NaNH 
= -m == — > = 
(a) HC=CH снов” СЊС= Сн -opp СНС CCH; 
1. NaNH 1. NaNH 
(D нс= сн ————— [> се сн Я > се с] 
2s 2. [> в: 
нс= сн NIS H,cm сн МН сн се ссн 
= = = = — не = 
©) 2c Hp OH 2. CoH Br 2s сн, 
H2 
ММ Pd/CaCO, 
1. NaNH 1. NaNH. 
=> 2 = — A» == 
== -A = == 
O нс=сн onp СНС Сн > GE C,H,C= ССН; 
МР nir 
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(à HC=CH МН сноса сн —— = сунусн=сн 
a = ————— = = 
сне Сә Pd/CaCO, Vioc : 
OH 
E CN uA 
H5SO, 
РВгз Na C= СН 
(b) он ——> Вг — с= CH 
Н; 
үе Pd/CaCO; 


> MgBr | >— CH=CH, 


+ 1. В.Н 
1. Y 7% аза 22 
© 


(a) 1-heptyne; (b) 3,3-dimethyl-1-butyne; (с) ethynylcyclopropane or 
cyclopropylacetylene; (d) 2-butyne; (e) 2-hexen-4-yne (hex-2-en-4-yne); (f) 3-butyn-1-ol 
(but-3-yn-1-ol). 


C=CH 
(а) CH»=CH—C=CH (b CH3C(CH;),C== CCH, (c) E 


(d) > C= CH (е) HOCH;CHCH;CESCH (f) CH =C(CH3)CH2C = CH 


(a) The sigma bond is formed by overlap of an sp? hybrid orbital of the methyl carbon and 
an sp hybrid orbital of the ethynyl carbon. 


(b) The sigma bond is formed by overlap of an sp? hybrid orbital of the vinyl carbon with an 
sp hybrid orbital of the ethynyl carbon. | 


(c) The sigma bond is formed by the overlap of an sp? hybrid orbital from each of the vinyl 
carbons. 


In a hybrid orbital the higher the proportion of s-orbital component the shorter is the 
length of a resulting bond because s orbitals are more closely held to the nucleus than are p 


orbitals. Thus, sp orbitals involve 50% s character, sp? orbitals involve 3396 s character, 


and sp? orbitals involve 2596 s character. Bond lengths increase in the order sp « sp? < sp? 
orbital. 
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The bond in (b) is shorter than that in (a) because while both involve overlap of an sp 
hybrid orbital of the ethynyl carbon, (b) involves overlap with an sp? hybrid orbital 
while (a) involves overlap with a longer sp? hybrid orbital. The bond in (c) is longer than 
that in (b) because while both involve overlap of an sp? hybrid orbital of one vinyl carbon, 


(c) involves overlap with the sp? orbital of a second vinyl carbon while (b) involves 
overlap with the shorter sp hybrid orbital of an ethynyl carbon. 


7.14 
(a) 27 
а = ——— „м 
CH CŒ ССН; Pd/CaCO, 
Na/NH, 
(D  C,H,CECH ——  CjH;CH-CH? 
о 
(c) C,H,C=CCH, —-== С,н;СООН + CHCOOH 
1. мамн; 
d сњстсн  ———— = CH,C= CCH. 
(9) 3 2. C, HBr 3 419 
KMnO 
(e) |  ——  HOOCCH(CH4(CH;,COOH 
7.15 
(а) C3H7C= CH m сы c,ucH-cH, HBS с,нуснвсн 
By TS Pd/CaCO; 377 2 3177 3 
S н, 1. ВН; 
(Ы) C,H;CE CH -yc;coP- C,H;CH-CH, зноу о CH3(CH2),OH 
1. NaNH; Н, = 
(с) CH, C= CH LCB CH; CŒ CCH, CPd/CaCOP- 7 N 
H2 KMnO, НО, OH 
(d CH,C== CCH, Fao (m. dw bd 


1. NaNH2 н; 
© нсесн 095. (c= ара (у нес, 


Tow 


1. мамн» 1. NaNH; Зи 
() НС=сн епт CH,CmCH -gip СНС Сан 
$ 3 


2: C H7Br 
pos 


к д дч 


121 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


7.16 

1. NaNH; 

(а) нс=сн CH,CH, C= CH 
2. С,Н;Вг 
1. NaNH 1. NaNH 

(D нс=сн | 2 нс= ОСН, —————» CH,C=CCH 
2.CH,Br е з 2СН,Вг : 3 

c= CH 

1. NaNH 

© нс=сн — о ГТ 


2. ФЕ Вг 
1. NaNH, 

(d нс=сн | ———— — —- Ch, 202 с CH 
2. CH, 202 Br 


7.17 Тһе molecular formula C5Hg fits the general formula СпН2п-2. It is four hydrogens "short" 
of being an alkane. Therefore, each acyclic compound must contain a triple bond or two 


double bonds. 
CH3CH;CH;C = CH CH;CH, C= CCH; CH;CH(CH3)C = CH 
CH)=CH-CH=CHCH, CH,=C(CH,;)CH=CH, CH,=CHCH,CH=CH, 
CH;-C-CHCH;CH; CH;-C-C(CH3); CH3CH-C-CHCH; 


7.18 In solving these synthesis problems first envision where the skeleton of the starting 
compound is found in the structure of the desired product. In that way you can identify 
what groups/atoms have to be added to the starting compound during the synthesis. 


N 1. BH H 
(a) a/NH; ~ B; 6 о 
29505 мадћ 
(b) E SO, p 


OH 


я 
(Снуснс== CH —! y^ 

Na/NH; ~ 
(CH,),CHC= CCH, — > Wee 

H, = 

(CH;),CHC== CCH; ————» Е dd 

Pd/CaCO3 

Н, 
(CH; CHO ССН — ви b dde c 
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The formula C5Hg indicates there are two double bonds, two rings, one triple bond, or one 
double bond and a ring in each compound. Reaction of all three compounds with bromine and 
permanganate indicates there must be at least one double bond or triple bond in each - there 
cannot be two rings. Since A and B afford pentane upon hydrogenation they can have no 
rings and so each has either a triple bond or two double bonds. Further they must be 
straight-chain compounds. C must contain one ring since it absorbed only one equivalent of 
hydrogen and, by difference, must contain one double bond. 


(а) Possibilities for А and B: 


CH4CH;CH;Cz СН CH,-C-CHCH;CH, | CH;-CH-CH-CHCH, 
CH5CH; С = CCH; CH3CH-C-CHCH; СН,=СНСН,СН=СН, 
Possibilities for C: 


> n 
(b) Since A produced CH3CH2CH2COOH, which contains four of the five carbons, it cannot 
have two points of unsaturation. Therefore, it must be the terminal alkyne shown here. 


Similarly, since B produced two carboxylic acids accounting for all five carbons upon 
oxidation, it must be an internal alkyne as shown here. 
CH 3СН›СН›с= CH CH4CH; c= CCH, 
A B 


(c) Since ozonolysis of C produced OHC(CH2)3CHO it must be cyclopentene. 


» 


С 


The challenge is to add a three carbon unit to a cyclohexane ring. Carbon-carbon bonds are 
readily formed by an SN2 substitution of a carbanion on an alkyl halide. Therefore, use of 


an alkyne precursor to produce a three-carbon carbanion will produce the desired carbon 
skeleton. Hydrogenation will afford the desired propylcyclohexane. 
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= NaNH 
HCŒÆCCHh — X NaC= CCH 


NaC = CCH, = 
Br ——————» C= CCH; 
н, 
( )-emcen, >> 


7.21 The formula weight of C3H4 is 40. Since the molecular weight is 80 the molecular formula 
is twice the empirical formula, CgHg. On the basis of the molecular formula the compound 
is "short" six hydrogens from the parent alkane. Since it reacted with bromine and 
permanganate it contains double and/or triple bonds. Since it absorbed only two equivalents 
of hydrogen (which would form С6Н12) it contains a ring and either one triple bond or two 
double bonds. Acetic acid must have originated from the ozonolysis of an alkyne carrying a 
methyl group (ozonolysis of alkenes produces aldehydes and ketones, not carboxylic acids). 
Therefore, a three-carbon CH3CC group is accounted for and that leaves only three carbons 


for a ring. Therefore, W must include a three carbon alkyne group attached to a cyclopropyl 
ring and the structure can only be as shown below: 


D- C= ССН, 
w 


7.22 


HBr Na CŒ CH 
(a) 0; —» (> В —————» «> C= СН 


HBr NaC= CH 
(b CH,CH,CH-CH, ——3»- CH,CH,CHBrCH, 22—— —"» = CH,CH,CH(CH,)C= CH 


(с) (СН.»С=СН Je. 2а. (CH45;CHCH;OH Жыз. (СН»)»СНСН›В 
4 r 
3 ? > H,0,/ ОН 3» 2 3)2 2 
Ма C= cal 
(CH;),CHCH,C= CH 
HBr = 
(d CH,CH, — > CH,CHBr -ACEH сњенрскесн 
1. Ман, 
Э; CH,Br 


CHCH, C= ССН; 
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;; VII. Conceptual Problem 


Pheromones: A Cheap Date 


ou work for the agricultural extension service of a large university. In increasing numbers, 

the owners of the farms and orchards in the surrounding community have come in seeking 

advice because the conventional insecticides that were once effective in controlling crop- 

destroying pests are losing their effectiveness. Many of the insects targeted have developed 
a resistance to the insecticides and it takes more insecticide to control the population, which means 
more time and money spent by these growers. They are also concerned about the long-term 
environmental impact of increased insecticide use. 


The extension service agrees to oversee a community-based pest management program that will 
involve the integrated use of insecticides and pheromones. The first prong of the attack involves 
using synthetic pheromones that mimic the sex pheromones of the female pests. Pheromone 
dispensers are put out at the time when mating is known to occur. In the presence of so much 
pheromone, the males are confused as to the whereabouts of the females and less mating occurs. 


What are some of the advantages of using mating disruption as a means of pest control? 


* Ans: Helps minimize pesticide resistance. Targets a specific pest and so does not harm beneficial 
insects. No pesticide residue or run off. 


Шботе of the growers are concerned that the pheromone will also attract females and increase the 
likelihood of infestation. How do you allay their fears? 


* Ans: The synthetic pheromone is unique in structure, specifically attractive to the male pest. It 
will not attract females into the area. 


lBIThey also ask whether a pheromone might be designed that would be effective for closely related 
species of pests. What factors would determine that likelihood? 


e Ans: The synthetic pheromone used would have to effectively mimic the sex pheromone of each 
species. There would need to be a strong similarity in the structural features, including chirality 
and overall three-dimensional shape. It is unlikely a single compound would attract more than 
one species. 


WWhat are some of the disadvantages of using pheromones in this way, as compared to 
conventional insecticides? 


e Ans: The conventional method offers a "blanket" approach, that is the insectide is applied 
relatively quickly, over a wide area, and affects several species of pests at the same time. 
Pheromone use is selective as to species. Because the phermones are tied to certain behaviors of 
the pests they control, the user must know the appropriate time to put out the pheromones and 
also where the targeted pest will most likely be found so that the pest will "find" the lures and 
traps set out. 
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CHAPTER 


Coniugated Dienes 


|. Textbook Chapter Contents 


8.1 Uniqueness of Conjugated Dienes 
8.11 Conjugation 
8.1.2 Stability of Conjugated Dienes 
8.2 Electrophilic Addition to Conjugated Dienes 
8.21 Addition of Bromine (or Chlorine) 
8.22 Addition of Hydrogen Bromide (or Chloride) 
8.3 Introduction to Resonance 
831 Stabilization of the Allylic Carbocation 
8.3.2 Mechanism of Conjugate Addition 
8.4 Important Conjugated Dienes 


841 Rubber 
8.4.2 Terpenes and Steroids 


concept of resonance stabilization and applies it to the phenomenon known as 
conjugate addition to dienes. The unique stability of allylic carbocations is also 
encountered. 


| his chapter examines the reactions of one kind of diene. It introduces the 


"И, Learning Objectives 


* Be able to distinguish between conjugated, isolated, and cumulated dienes. 


* Understand the electronic structure of conjugated dienes and the phenomenon 
known as conjugation. 


* Write equations for the addition of hydrogen bromide to a conjugated diene, 
explaining the formation of 1,2- and 1,4-adducts. 


* Write equations for the addition of bromine to a conjugated diene, explaining the 
formation of 1,2- and 1,4-adducts. 
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* Understand the concept of resonance stabilization, и. its application to the stability of the 
allyl carbocation. 


* Become familiar with the family of compounds known as terpenes and how their structure 
incorporates the isoprene unit. Distinguish between monoterpenes, sesquiterpenes, diterpenes, 
triterpenes, and tetraterpenes. 


Il. Glossary 


1,2-adduct the result of an addition reaction in which the adding entities are attached to adjacent 
carbons (called carbons 1 and 2); this typically occurs with addition to an isolated alkene but may 
also result from addition to one double bond of a conjugated diene. 


1,4-adduct the result of an addition reaction in which the adding entities are attached to non- 
adjacent carbons (called carbons 1 and 4) separated by two other carbons (carbons 2 and 3); such 
adducts typically result from addition reactions with conjugated dienes. 


allyl carbocation CH,=CH-CH,*, a carbocation which can be envisioned as resulting from 
dissociation of allyl bromide to a carbocation in an 5,1 reaction; this is a resonance stabilized 
carbocation resulting from conjugation of the carbocation with the double bond. 


allylic carbocation a carbocation that has a double bond conjugated to the carbocation, thereby 
providing resonance stabilization 


diterpene a Сл terpene based on four isoprene units 
conjugate addition an addition reaction with a conjugated diene to produce a 1,4-adduct 


conjugated diene a diene in which the double bonds are separated by one single bond. This means 
that each of the four carbons of the diene system is sp* hybridized and therefore has a p orbital 
capable of pi overlap 


conjugated polyene a compound with multiple double bonds in which each double bond is 
separated from another by one single bond. There is an alternating sequence of carbon-carbon 
double bonds and single bonds 


conjugation when there is at least a three carbon structural segment in which each carbon is sp* 
hybridized and therefore has a p orbital capable of pi overlap 


contributing structure the structure of a species which does not exist, but which represents one of 
several localized structures; the hybrid of all such structures is the actual structure of a molecular 


species. Such contributing structures differ only in the positions of electrons, and not in the 
positions of atoms 


cumulated diene a diene in which two carbon-carbon double bonds are adjacent and are not 
separated by a single bond 


delocalization the spreading of electron density over a structural unit; the delocalization in a 
resonance hybrid is over a pi orbital-containing conjugated system 


diene a compound with two double bonds 
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essential oils naturally occurring compounds, most of which are members of the terpene family 
and which contain the essence or flavor of the plant 


heat of hydrogenation the energy evolved when hydrogen is added to a structural unit such as an 
alkene 


isolated diene a diene in which the double bonds are separated by more than one single bond 
isoprene СН,=С(СНз)-СН=СН,, a С; hydrocarbon which serves as the building block in terpenes 


isoprenoid compounds compounds whose structure is based on multiple isoprene segments joined 
together 


monoterpene а C, terpene based on two isoprene units 
natural rubber a polymer of isoprene which contains only cis double bonds 
polyene a compound with many double bonds 


resonance hybrid the actual structure of a compound stabilized by resonance, and which is a 
hybrid of the various contributing structures 


resonance theory a theory which states that whenever a molecule or ion can be represented by two 
or more structures that differ only in the positions of the electrons, stabilization results 


resonance stabilization the stabilization afforded a molecule or reactive intermediate by delocaliza- 
tion of electrons through contributing structures 


sesquiterpene а С. terpene based on three isoprene units 


steroids a group of naturally occurring compounds with a tetracyclic ring structure called the 
steroid nucleus (three fused six-membered rings and a single fused five-membered ring) 


terpenes a large family of natural products, most of which are relatively non-polar, and which con- 
tain structures based on sequential polymerization of isoprene 


tetraterpene a Сл) terpene based on eight isoprene units 


triterpene а Сар terpene based on six isoprene units 


IV. Summary of Reactions of Conjugated Dienes 


HBr ~ | | | | | 11 
„с==с— с— с— + H— C— С=С С Вг 
| | | 
H B 
1 1,4-Adduct 
EN 1,2-Adduct 
yo C= Cz EN 
Conjugated Diene 
Шш ~ | | 1 ор 6 
JETES, с—с— + Br — С—С==С—С— Вг 
Вг, | | 
B B 
LG 1,4- Adduct 
1,2-Adduct 
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p V. Solutions to Problems 


For “How to Solve a Problem,” review pages 257 and 259 


8.1 
(a) мүм (b) ( (c) f= 
и 
8.2 
t 
: 3 : 
+ 
(a) <> (b) (2) == © = Q 
+ + 
+ + 
«Ds 6-5 
А + 
8.3 
НВг 
о Су = 
Вг 
Вг Вг 
® AA 28 
Br Br 
Br Br 
(с) VS «. 2 » ми 
Вг 
Br 
oO Be Qe 
8.4 Recognize that the overall major change from reactant to product is the attachment of a 


substituent at both ends of the conjugated diene system. This is the clue to utilize conjugate 
addition of bromine, realizing that bromines can be replaced by methoxy groups using SN2 


substitution. The remaining double bond can be readily removed by catalytic 
hydrogenation. 
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8.5 


8.6 


8.7 


8.8 
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OCH; 


L NaOCH _NaOCH3, 
Sid Т 


(a) 2E,4E-heptadiene 

(b) 1,3,5-cyclooctatriene 

(c) 5-methyl-1,3-cyclohexadiene 

(d) 5,5,-dimethyl-1,3-cyclopentadiene. 


+ 

еч Q — QO 
vi * X2 

(b) LR. <> 22 

+ + 
| + 
(с) Os: —— CH, 
+ 


1,2-adduct 
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OCH3 


1,4-adduct 
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e) 


h) 


(a) 


(b) 


(c) 


(d) 


major product 


Br 
О & Су» 
(1 equiv) 
Br; 
С) = 
ехсеѕѕ 


Zn/H,O OHC(CH2)}CHO +  OHC-CHO 


NaOC 2Hs 


BNA. a NF 
Br heat 4 

з = Н; PA 
СН, = CH— C= CH “PaCacoe г” 
^^ H5SO, 
2 он = ZA 

eal 
НО ч. EE Z^ 
OH heat 
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Br 
Br 
Br <> Br 
Br 
Вг, 
——— > Br + Br L% 
Br 


Br 


NINI HCl м + мү 
СІ СІ 
НВг Вг "E 
—— X» (same product from 1,2- and 1,4-addition!) 


Br 


8.11 
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The reaction of an alkyl bromide with silver nitrate is an 51 reaction, the silver "pulling 
off" the bromide (to form silver bromide precipitate) leaving behind a carbocation (see 
Section 3.4.4). The stability of the carbocation determines the rate at which silver bromide 
is formed. 1-Bromopropane has to form a primary carbocation for this reaction to occur, and 
the relative instability of a primary carbocation makes the reaction difficult and slow. By 
contrast, allyl bromide has to form an allyl carbocation for the reaction to occur. Allyl 
carbocations are relatively stable due to resonance so form readily, making the silver 
bromide reaction rapid with allyl bromide. 


Resonance structure B should be the major contributing structure because it is an allylic 
tertiary carbocation whereas structure A is an allylic secondary carbocation. Tertiary 
carbocations are more stable than secondary carbocations due to hyperconjugation. 


H250, HAS 
OH 
A B 


2-Cyclohexen-1-ol reacts readily with sulfuric acid because the oxonium ion very readily 
loses water to form a stabilized carbocation, an allylic carbocation. The dehydration 
reaction is completed by loss of a proton from the only available carbon, forming the stable 
conjugated diene. 


+ н 
ОН uso OH -mo Q, -Ht 
Cy Е ндс. и g — — > 
Н;50, 
(а) OH SEE scd 


NaOC 29; 
—————— 


НзРО4 
(с) C OH E os @ 


MASS МИ 
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4 


i VI. Conceptual Problem 


TESTING...1,2,3 


ou have just started working at a laboratory that conducts drug testing for the Federal Drug 

Administration. Your supervisor decides to test your knowledge of organic chemistry. He 

places three pills before you and says that one is the birth-control pill norethindrone, one is 

RU-486 (mifepristone, the “morning after" pill), and the other is progesterone (used in 
estrogen therapy). He asks whether you know a simple way to distinguish the three compounds 
using chemical tests. 


Ш What would you tell him? Explain how you could distinguish the three drugs. 


О О О 


Progesterone Norethindrone Mifepristone (RU 486) 


e Ans: Examine the structures carefully to identify the functional groups present in each. 
Progesterone has ketone and alkene groups; Norethindrone has ketone, alkene, alcohol, and 
alkyne groups; Mifepristone has ketone, diene, alcohol, and amine groups. On the basis of this 
analysis there are two separate means of distinguishing the three compounds: 


1. Since mifesterone is the only compound containing nitorgen its presence can be detected by 
qualitative analysis for nitrogen. (Note: as will be indicated in chapter 12, amines are basic 
so this will be the only compound to be soluble in dilute hydrochloric acid.) Norenthindrone 
has an alcohol group (detectable by the evolution of hydrogen when reacted with sodium 
metal) whereas progesterone does not. 


2. The threee compounds could be reacted quantitatively with bromine, which should add to 
the alkene, diene, and alkyne groups. Progesterone would add one equivalent of bromine, 


norethindrone would add three equivalents of bromine, and mifepristone would add four 
equivalents of bromine. 
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Aromatics 


|. Textbook Chapter Contents 


9.1 


9.2 


9.3 


9.4 


9.5 


The Structure of Benzene 


9.1.1 Experimental Evidence 
9.1.2 Electronic Structure of Benzene 
9.1.3 Other Monocyclic Aromatic Compounds 


Nomenclature of Benzenoid Compounds 


9.21 Monosubstituted Benzenes 
9.22  Disubstituted Benzenes 
923  Polysubstituted Benzenes 


Electrophilic Aromatic Substitution 


9.3.1 Mechanism of Electrophilic Aromatic 
Substitution 

9.3.2  Halogenation 

9.3.3  Nitration 

9.3.4 Sulfonation 

9.3.5 Friedel-Crafts Alkylation 

9.3.6 Friedel-Crafts Acylation 


Substituent Effects and Their Use in Synthesis 


941 Reactivity Effects of Substituents 
9.4.2 Directing Effects of Substituents 
Ortho-para Directing Effects 
Meta Directing Effects 
9.4.3 Application of Reactivity and Directing Effects 
in the Synthesis of Disubstituted Aromatics 
9.44 Effect of Two Substituents on Electrophilic 
Aromatic Substitution 


Phenols 

951 Acidity of Phenols: 

9.5.2  Electrophilic Aromatic Substitution of Phenols 

9.5.3  O-Alkylation of Phenols (Williamson 
Synthesis) 

9.5.4 Synthesis of Phenols 

9.5.5 Important and Interesting Phenols 
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9.6 Side-Chain Chemistry of Aromatics 


9.6.1  Alkenylbenzenes 
Formation of Alkenylbenzenes 
Additions to Alkenylbenzenes 
9.6.2  Benzylic Reactive Intermediates 
9.63 Oxidation of Alkyl Side Chains 


9.7 Important Aromatic Compounds 


9.71 — Benzenoid Compounds 

972  Polynuclear Aromatic Hydrocarbons 

9.73 Heterocyclic Aromatic Compounds 
Monocyclic Heteroaromatics 
Polycyclic Heteroaromatics 
Important Heteroaromatics 
DNA and RNA Bases 


his chapter introduces a completely different carbon skeleton, that of compounds derived from 

benzene (C,H,). АЙ previous families encountered are classified as aliphatic compounds, but 

benzenoid compounds are known as aromatic compounds. In addition, related compounds 
also showing the property of aromaticity are introduced. A new reaction, electrophilic aromatic 
substitution, and its mechanism are described. 


IL Learning Objectives 


• Understand the concept of aromaticity and be able to explain the unique stability of benzene and 
its derivatives, known as arenes. 


* Know the meaning of resonance stabilization, resonance energy, aromaticity, Hückel rule, 
heteroaromatic compound. 


* Be able to name benzenoid compounds using the IUPAC and common systems. Designate 
di-substituted derivatives as ortho, meta, or para isomers. Know the phenyl and benzyl group. 


* Understand the general mechanism for electrophilic aromatic substitution. 
* Write equations for the halogenation, nitration, and sulfonation of benzene. 
* Write equations for the Friedel-Crafts alkylation and acylation of benzene. 


* Understand why certain substituents on a benzene ring are activators and others are deactivators 
of further electrophilic substitution on the ring. 


* Understand why certain substituents on a benzene ring are ortho-para directors and others are 
meta directors for further electrophilic substitution on the ring. 
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• Understand the mechanistic relationship between the activating effect and directing effect exerted 
by a substituent already on a benzene ring. 


* Be able to use knowledge of the directing and activating effects of substituents to plan multi-step 
syntheses of di- and tri-substituted benzenes from benzene. 


* Know how to name phenols. 


• Understand why phenols are weak Brensted acids and how other ring substituents affect the 
acidity of a substituted phenol. 


• Understand the activating effect of a phenolic hydroxyl group and how this can be moderated by 
conversion to an ester group. 


* Write equations for the preparation of substituted phenols by electrophilic aromatic substitution. 


• Understand how carbocations formed adjacent to a benzene ring (benzylic carbocations) are 
especially stabilized by resonance, and therefore form readily. Know how this accounts for the 
ready formation of alkenylbenzenes in elimination reactions, and the regiochemistry of 
electrophilic addition to alkenyl benzenes. 


• Write reactions to account for the oxidation of alkylbenzenes to benzoic acids using hot potassium 
permanganate. 


• Be familiar with the concept of polynuclear aromatic hydrocarbons, and recognize a few simple 
members. 


• Be familiar with the concept of heterocyclic aromatic compounds, and recognize a few simple 
compounds. Also, become familiar with the heterocyclic aromatic compounds known as purines 
and pyrimidines which appear as bases in DNA and RNA. 


ill. Glossary 
activator а group that, when attached to a benzene ring, causes an electrophilic aromatic 
substitution to occur faster than on benzene itself 

acylium cation the ion RCO* 

alkaloids naturally occurring nitrogenous bases, some of which are heteroaromatics 


alkenyl benzene a benzenoid compound with a carbon-carbon double bond conjugated with the 
ring 


Ar a generalized representation for an aryl group 
arenes aromatic hydrocarbons 
aryl group an aromatic group such as phenyl (C,H;-) 


aromatic compound a cyclic, planar, highly unsaturated, conjugated and resonance stabilized 
compound 
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aromaticity a special stability of aromatic compounds associated with a planar cyclic structure 
containing p orbitals on each ring atom and having a Hückel number (4n + 2) of electrons 


aromatic sextet a continuous pi orbital containing six electrons which confers aromaticity on the 
ring structure 


benzene the compound С.Н, considered the parent benzenoid compound 
benzenoid a compound which contains a benzene ring 

benzyl the group СН:СН,- 

benzylic the position adjacent to the ring in an alkylbenzene 


Buckminsterfullerene also known as “buckyball,” this compound of formula Сер is a soccer-ball- 
shaped aromatic compound which is another form of elemental carbon, in addition to graphite and 
diamond. It contains continuously fused rings, 20 six-membered and 12 five-membered 


Clemmensen reduction a process for reduction of à carbonyl group nena attached to a benzene 
ring) to a methylene group using zinc amalgam in hydrochloric acid 


deactivator a group that, when attached to a benzene ring, causes an electrophilic aromatic 
substitution to occur slower than on benzene itself 


directing effect the influence of a substituent already on a benzene ring in directing an incoming 
electrophile to specific positions on the ring (that is, the substituent influences the regiochemistry of 
the electrophilic aromatic substitution) 


DNA bases four heteroaromatic compounds that occur in DNA - adenine, guanine, cytosine, and 
thymine 

electrophilic aromatic substitution the replacement of a hydrogen on a benzene ring by a 
substituent, the mechanism proceeding by attack of the ring by an electrophilic reagent 


Friedel-Crafts acylation reaction of an acyl halide with a benzenoid compound in the presence of a 
Lewis acid (usually АЈХ4) resulting in the replacement of an aryl hydrogen with an acyl group 


Friedel-Crafts alkylation reaction of an alkyl halide with a benzenoid compound in the presence of 
a Lewis acid (usually AIX;) resulting in the replacement of an aryl hydrogen with an alkyl group 


graphite a form of elemental carbon whose structure is a large "sheet" of continuously-fused ben- 
zene rings 


halogenation the substitution of a halogen onto a benzene ring 
heteroaromatic an aromatic compound containing a heteroatom in the ring 


Hückel rule an empirical rule stating that 4n+2 pi electrons (where n = 0 or a whole number) in a 
cyclic, planar structure with continuous overlap of p orbitals confers aromatic character on the com- 
pound 


m-director a substituent which directs an attacking electrophile mainly to the meta position on a 
benzene ring 


meta position the 3 position on a benzene ring 


nitration the substitution of a nitro group onto a benzene ring 
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o,p-director a substituent which directs an attacking electrophile mainly to the ortho and para 
positions on a benzene ring 


ortho position the 2 position on a benzene ring 

PAH an abbreviation used for polynuclear aromatic hydrocarbon 

para position the 4-position on a benzene ring 

phenols aromatic compounds with one or more -OH groups attached to the ring 

phenoxide anion C,H.O-, the anion resulting from removal of a hydroxyl proton from phenol 
phenyl а C;H;5- group 


polynuclear aromatic hydrocarbon a hydrocarbon which has two or more benzene rings fused 
together. Examples include naphthalene (2 rings) and phenanthrene (3 rings) 


RNA bases four heteroaromatic compounds that occur in RNA - adenine, guanine, cytosine, and 
uracil 


resonance energy the energy by which a compound is stabilized due to resonance 
sulfonation the substitution of a sulfonic acid group onto a benzene ring 


surfactant a surface active agent, a compound with a hydrophilic end and a lipophilic end which 
bridges the interface between an aqueous and an organic layer 


V. Summary of Reactions of Aromatic Compounds 


(О Benzene 


X, HNO, SO, RCI RCOCI 
FeXs H2504 H3SO, АІС} AIC; 
X N 
| SO,H R R—C-O 
Halobenzene Nitrobenzene Benzene- Alkylbenzene Acylbe 
X - Cl, Br sulfonic acid i ES 
CHRR' COOH NO, NH, 
1. KMnO,, А 
КУА и —Fe/HCl. or > 
2. H*/H,O РИН 
Alkylbenzene Benzoic acid Nitrobenzene Aniline 
OCH OOCCH 
?  |.Na0H OH CH,COCI 3 


N HI 1. МОН 7 


Anisole 2. Н'/Н;О Phenyl acetate 
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á V. Solutions to Problems 


For "How to Solve a Problem," review pages 274, 287, 295, 297, 302, and 310) 


9.1 


9.2 


9.3 


9.4 


9.5 


Since the six carbon-carbon bonds in benzene are identical, we can represent its structure by a 
hexagon with a ring (representing six electrons) enclosed. This means that two ring carbons 
carrying a bromine atom in dibromobenzenes can have zero, one, or two carbon-carbon bonds 
between them. There are only those three possibilities. 


Br Br Br 
© о" a 
Вг 
Вг 


A representation 


of benzene Three different dibromobenzenes 


CH(CH3) OH 27 
(а) ©) (b) (c) Ô (d) 
OCH 


(e)  CgH,-CH=CH-CH=CH-C,H, (f) СУ (8) 


(а) isobutylbenzene (2-methyl-1-phenylpropane); (b) 3-phenylpropyne; 
(c) 2-phenylbutane. 


3 


COOH Br H, 


NH) CH; С, 
С! 
(a) E) (b) Cr (c) a (d) dei 
F C2H5 


H 
он, Su 


(a) p-bromochlorobenzene (or p-chlorobromobenzene) 
(b) m-methylbenzaldehyde 

(c) o-nitroaniline 

(d) o-methoxyphenol (or o-hydroxyanisole). 
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COOH 


CH, NH, NO; 
CH; CH; 
(a) (b) (c) (d) 
F F ON NO, СНО ОСН; 
Е 


(a) 3,4-dimethoxybenzenesulfonic acid; (b) 4-chloro-2-fluoro-6-iodonitrobenzene; 
(c) 4-ethyl-5-hydroxy-2-methylbenzoic acid; (d) 3,4,5-tribromobenzaldehyde. 


C;H;OH 
H4PO, 


НС -Н 
@ EMO NN EU Сун. 2 CH=CH, 
АІСЬ catalyst 
heat 


CH,-CH, ethylbenzene styrene 
HF 


CH,CH,CH This alkylation route, while 

CH HCl 21543 y , 

Сен; Cr theoretically feasible, is not useful 
AICI, because of serious complications 


alkylation n-propylbenzene 


Zn(Hg) 
acylation НСІ 


CH,CH,COCI 
AIC, КЕ COCH,CH, 


Reference to Table 9.1 provides information on the relative activating effect of substituents. 
The orders of reactivity are as follows: 

(a) aniline > acetanilide; (b) ethylbenzene > acetophenone; (c) anisole > toluene; 

(d) aniline > nitrobenzene; (e) toluene > bromobenzene. 


In alkylation, the first substitution produces an alkylbenzene. Thereafter, the solution 
contains a mixture of the product alkylbenzene and benzene. Since the alkyl group is an 
activating group, the alkylbenzene is more reactive than is benzene so a second electrophile 
will react with the alkylbenzene in preference to benzene, thereby producing a 
dialkylbenzene. The product dialkylbenzene is more reactive than is the alkylbenzene or 
benzene. Therefore, the dialkylbenzene is converted into trialkylbenzene more readily 
than benzene is converted into alkylbenzene. In summary, alkylation of benzene tends to 
produce considerable proportions of poly-alkylated benzene. 
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In acylation of benzene, the first substitution produces an acylbenzene. Thereafter, the 
solution contains a mixture of the product acylbenzene and benzene. The acylbenzene is less 
reactive than is benzene (the acyl group is a deactivating group) so an electrophile will 
react with benzene in preference to the acylbenzene. Thus, there is little poly-acylation of 


benzene. 
9.12 
I I I 
HNO, NO; 
———— 
m Ô H,SO, о Ы Су 
NO; 
CH, CH, CH, 
SOH 
$ 
(b) „Зо. м Су 
H;SO, 
SO,H 
OCH; оен» осн, 
CH,COCI COCH; 
(c) 15 ~ Ст 
AICI, 
СОСН; 
Br; a Br 
ч) FeBr; 
Br 
9.13 
Br 
Br CH,COCL ае 
ч) @ евге Ф аср 4 
сосн; он 
© @ CH4COCI HNO; NO» zn(Hg) NO; 
AK ~ Ho?" HCI 
сосн, СОСН» CoHs 
NO; 
(с) @ CH4CH;CH;COCI Zac), HNO; 
—= 
AICI, sO, 
i Сан, 


„© sem ОНО = 
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Br Br 
(a) HNO3 
a 
NO, 
CH, СН» 
OCH, ОСН; 
(Ы) 1,502 
NO, NO, 
CH, CH; CH; 
Br Br 
(c) ar + 
NO, 3 NO; NO; 
Br 
а а а CI 
CH4COCI HNO 
(8) Ф 4CO Zn(Hg) 3 
AIC]; НСІ H2504 NO; 
CH,CO CH; Сн; 
СН; СН» СН» CH, 
CH4COCI Br? Br zZH Br 
(b) £o» ————— n( > 
Ф AICI; FeBr; e НСІ 
CH4CO CH4,CO CH; 


2Н5СО CH; rn: 
Zot SO; SO4H 
pm H,SO? 


The most acidic phenol will be that which carries the most powerful electron withdrawing 
group(s), because these groups will better delocalize the negative charge of the phenoxide 
anion. The acidity orders are: 


(a) p-nitrophenol » p-chlorophenol 


(b) o-iodophenol > p-iodophenol 
(c) p-acetylphenol > p-ethylphenol 
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9.17 
CH, CH, CH, РА 
HNO H 
(a) сс Зы: То. 1. мамо унс! 
ыы Ht 2. H,O, heat 
NO; NH; OH 
NO, NH, OH 
HN 
(b) HNO, н, 1. МаАМО»УНС! 
H,SO, Pt | 2. 6,0, Ка 
сн; Сн; C2H5 С.Н; 
ү МО; NH; OH 
(e j= 1. Br//FeBr, e uU Њу d l. 1. NaNOYHC _ A 
c 
а. Вг знов H,0, heat Br 
HN мо, | 21090) 
S Q sor H а C на № 1. NaNO;/HCI он 
———————- 
= Lm 2. H20, heat 
CH,CO CH;CO Сн, E 
9.18 
OH o` ос,н, 
NaOH C)HsBr 
(a) — LI le 
СНСОО CH,COO сњсоо 
СІ 
(b) Ф р А à 
FeCl, 
СІ 
OH OH 
HN ON NO. 
(c) С) о; › z 
#8504 
NO; 
ОСЫ» OCH; oH 
Br 
i —— у» Hu 
FeBr, 
Br Br 
(major product) 
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(а) 


(b) 


(a) 


(b) 


(c) 


(d) 


(e) 


The formula C10H12 indicates the presence of five rings/and or multiple bonds (it is ten 
hydrogens short of being a C10 alkane). Since A does not react with bromine or 


permanganate there can be no normal double or triple bonds in A, so the presence of a 
benzene ring is suspected. A benzene ring accounts for the absence of eight hydrogens, so 
there also must be another ring present. Since strong oxidation produces phthalic acid, 
there are only two points of attachment of substituents on the benzene ring, and they must be 
ortho to each other, leading to partial structure B for the unknown. Thus, a saturated ring 
must be attached to benzene in compound A, and several structures are possible for A as 
shown below. The evidence given does not permit distinguishing between these four 
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с,н,сн=снснә, -НВ> — Cu. cHBICH;CH; 


H,0/H,S0, 


C4H,CH-CHCH, CeH,CHOHCH, CH, 


KMnO 

ont V- CH; “ол on Y- соон 
KMnO, 

І CHCH) ——— 1 COOH 


<, HOOC 
KMnO 
(> CH, — CO COOH 
heat 
CH, HOOC 


KM 
C,H,CH-CHCH;CH, — T зе DEN {У соон 
eat 


(ОКО mL (у coor 


heat 


possible structures. 


| 
ас RI 
СООН m 


phthalic acid 5 69+ 
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CH; 
[^ 
(a) (b) сн, Ay сн, ® „б 
ON T 


Br 


CH(CH3) о; н; 
Е | T , X 
(f) (g) (h) (i) G) CgH,— C= CH 
CH; CH; 
SO3H F CH; 
I 
NO. 
~ 2 OH 
(k) A css 0 (А cm { ў (п) о) l { 
СН; N ca o S 
COOH 
on CH,OH CH, 
(p) ‚зб «d (s) ре (0 
SOH 
OH OCH; 
(и) (v) — (w) 
OCH; 


(a) (E)-1-phenyl-2-hexen-1-ol; (b) m-fluoronitro-benzene; (c) 3-methylfuran; 

(d) p-isopropylbenzaldehyde; (е) 3,4,5-trimethylbenzoic acid; (f) 3,5-dibromoanisole; 
(g) 3-bromopyridine; (h) m-fluorophenol; (i) o-methylbenzenesulfonic acid 
(o-toluenesulfonic acid); (j) p-ethylaniline; (k) cis-1,2-diphenylethene 
((Z)-1,2-diphenylethene); (1) 3-phenylpyrrole. 


p 
о) 
А бо (Бач ВД 
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There are two mono-nitro derivatives of napthalene (a) and three mono-nitro derivatives 
of anthracene (b). 


2 


NO 

CO Й 

uen 

NO; NO, 

МЕ ЛО Go COO 

(a) non-aromatic because it has eight n-electrons, not fitting the Ниске! rule of 4n+2 
п -electrons. 

(b) non-aromatic because it has eight r-electrons (not 4n+2). 

(с) non-aromatic because it has twelve r-electrons (not 4n+2). 

(d) aromatic because it has 6 r-electrons (4x1 + 2). 

(е) non-aromatic because it has four n-electrons (not 4n+2). 

(f) aromatic because it has 14 r-electrons (4x3 + 2). 

(g) non-aromatic because the six r-electrons are not in a "closed shell" In other words, in 
the eight-membered ring there are two tetrahedral carbons so there is not a "continuous 
x system." It is not a fully conjugated system and the n-electrons cannot be delocalized 


over the entire ring. 
(h) aromatic because it has six m-electrons (4x1 + 2). 


Hy, УН H. УН H. ^H Њу ^H 
& +N +N +N 
ү E _ 
+? с а 
о о о о 2 3 To o7 
~ 4 NL хи ~ 7 
+ +N +N + 
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СНз CH; 


P ism -AIC, + dis 
a) ССр + AIC; —3» Cl + —» 


— 
- HSO, 
МО» 
Вг Вг 
P - AICI, + - H* 
c) CH,CO- CI + AIC ——= сњсо + PE 
CH,CO 
(CH3)2CH (CH3),CH 
О 
4) Г - Н+ 
„5м + — 
осу о 
ae A SO3H 
I I 
Je - AICI, + .Hg* 
e) (CHj4CH- СІ + АС; ———» (СНз)2СН + T 
b. (CH3))CH 
Br Br 
f ~H,PO, + - HO + - Ht 
f) (CH;);C—-OH ———»- (CH,),C- OH, ——» (CH3);C + = 
- Н2РО. ui 
(CH35C 
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9.31 
ом ON * 
(a) Хан, — мн, 
H H 
T 
ом ом + 
O Xo ось — ’ Х_у=осн, 
H H 
T 
ON Y N ом + 
(с) Хеј“ CH=CH, = Хо = CH-CH, 
H H 
+ 
о; ом 
о ЖОАО — ХО. 
+ 4 
ON. Y^ [07 * 
(e) хо) NHCOCH, <—> NHCOCH; 
H H 
T 
9.32 


SO; 
(a) A ——— aa 
3 HO, з CH; 
HNO Br 
Хе; Qe 
CH; "ESO 0; CH; тв” O;N CH; 


Br HNO 
— В — о X - 
(c) (2 FeBr, г H50, 2 Br 
Br 
HNO Br 
e o C) — y НО 
e Q H250; Ј FB 0° 
а 


а 
(e) A KMnO; een È) coon — (>). соон 
FeCl; 
B 
(f (сы ty Br J KMnO, BX) COOH 
ЕеВг; 
HPO, 
o Qa Ooa Oe 
(h) CH h aX > сн cl 
3 FeCh 1 acr = , poen 


C COOH 
@ (29 снос сњо) сњ, > 


АЈС NO, 
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9.33 The reactivity increases to the right in each series: 


(a) C^ СОСН, < (2 « «> NHCOCH, < C^ NH, 
(b) «> CHO < <) сњ < CT OCH, 
(с) C^ NO, < C^ CN < C^ CH; 


9.34 
Cl 
Ch , 
(a) СН; —^ CH; OCH; 
FeCl; 
CHO CHO 
CL 
— м 
S GC) FeCl, Е <)> 
Cl 
Ch 
(©) ( p} coch, áp сњсоо сосн, 
FeCl, 7 
о on 
Ch 
® P МО; “Fech nos 
cl а 
сь 
ЕеСЬ 
*9.35 


— 
<) AIC]; S" на a 


SO, 
Н,504 
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9.36  p-Nitrophenol is more acidic than p-methoxyphenol because the p-nitrophenoxide anion 
is stabilized by resonance delocalization to the nitro group whereas the p-methoxy group 
de-stabilizes the phenoxide anion. The more stable is the phenoxide anion, the more 
easily it forms and the more acidic is the parent phenol. 


Br 
(a) C осн, — > Br )- OCH, 
FeBr; 7 
а! 
b он —— ысн OH 
wen ce uas 


9.37 


с! 
NO; 
3 
c OH ———» ON 
ie Ur H,SO, ? Qro 
NO, 


HNO; 
(d) C у-ососн, ——— ont ў- ОСОСН» 
Н,0,; 


9.38 The key to this, and most other organic separations, is to find a way to make one component 
temporarily water-soluble, and then to physically separate (using a separatory funnel) the 
water and ether layers. The final steps are the recovery of each compound individually 
from the separate layers. In this instance, the phenolic compound is converted to the 
water-soluble sodium salt using aqueous sodium hydroxide - the phenolic compound is 
sufficiently acidic for proton removal but the alcohol is not. 


layer ether) ether 
NaOH 


eme в 
layer 
i-o BO : 
еше: T + ether Ether 
layer 


evaporate evaporate 
ether 
ether 


C^ CHOH cA )- OH 


ether 
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9.39 


HNO H 1. HNO; 
ы О) BE Сре № Qo а (у 
Н,504 Pt 2.H;0 


heat 
HNO 1. НУР 
(b) (а ыы ом а н, но jci 
504 2. HNO, 
3.H,O 
heat 
(c) C^ NO ML N ANM. OH 
c 
2 есь dba 9 2.HNO; 2 
heat 
HNO 1. НУР! 
«(а cud. У E e cu. )- No —À = сн{ )- он 
(d) CH; HSO, 3 2  2.HNO; 3 
3. HO 
heat 1. NaOH 
2. СНЫ 


с )- OCH; 


9.40 In order to attach a group to an aromatic ring it has to be converted to an electrophile 
because electrophilic aromatic substitution is the standard means of substituting on an 
aromatic ring. Propene can be protonated, as can any alkene, to produce a carbocation, in 
this instance the relatively stable t-butyl carbocation, which will effect a Friedel-Crafts 
alkylation. Since the aromatic ring carries two substituents a judgement must be made of 
which will serve as the controlling directing group. Since the hydroxyl is a much stronger 
activating group than is the methyl group the former will direct the incoming t-butyl 
groups ortho to itself (note the para position is blocked). 


CH, CH3 
(CH3) mia. МЕ (CH cr + —- (СН,),С 
э) 3 3 
(HF) Na i HÁA 
OH OH 
А 2 
CH, CH, + CH, 
- H+ (CH3)3C 
(СНз)з C(CH3)3 ua C(CH3) OH 
OH OH 


BHT 
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(a) { J cscs, By CHBrCH, 
dark 
NaOEt 

(b) CH;CHCICH; = CH=CHCH, 

eat 

H,SO, 
(c) C^ CH2,CHOHCH?CH3 wa m CH-2CHCH;CH; 

eal 


(d) C у—©н=снснусн, нон» { )- снонсн,сњсн, 


1. BjHg 
(е) C^ CH-CHCH,CH, —————— C^ CH,CHOHCH,CH 
7773 2. H04/Na0H 2 сна 
E 
(D CH=CHCH;CH; — C^ CH,CH,CH,CH, 
KMnO, 
(g) «> CH;CH;CH;CH3 ——= { J соон 


3-Bromobenzoic acid is not an appropriate starting material for producing 
3-bromo-5-nitrobenzoic acid by nitration because the bromine group would control 

the location of the incoming nitronium cation, and would direct it to the 4- and 6-positions. 
3-Nitrobenzoic acid is an appropriate starting material because both the carboxyl group 
and the nitro group will direct the incoming bromous cation to the 5-position (meta to these 
two substituents). 


COOH COOH COOH 


* NO; + 
Cl R LUE < 
Br ON Br ON 


3-bromo-5-nitrobenzoic acid 


CI а Cl 


СІ 
CI а а 


а 


1,2,3-trichlorobenzene — 1,2,4-trichlorobenzene 1,3,5-trichlorobenzene 
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CH3C= CNa H 
(a) C^ CHBr бы {сн с==ссн, ——2-» Chs, = 
2 3 "Pd/CaCO, М 


СН; СЕ CNa Li/NH 
(b СеН;СНВІСН; сто CH,CH(C,H,)C= CCH; —— 


1 


H20/H* 
(c) CsHsCH=CHCH; — — À» C;H;CHOHCH,CH; 


1. В.Н; 
d) C4H,CH-CHCH, —— —————»-  C4H;CH;CHOHCH 
sHs 3 2. H;0;/NaOH вер 2 
AICI 
О · ср мр уу 9 CT \ 
ЕЗ СООН 
C 19H 1003 1. ЗОСЂ 
2. AICI, 
"2 Zn/Hg 
ROOR Єна 
Вг C B O 
re 
^ 
Br 
Вг; (X) Me NOR, 
ROOR 
р Naphthalene 


Since there are two benzenoid rings each could be mono-brominated. The issue is whether 
one ring will be brominated in preference to the other and the answer is yes. The left ring 
has an -NH substituent carrying a lone pair of electrons which is a moderate activator and 
ortho-para director. The right ring has a -CO substituent, the carbonyl carbon being 
electron deficient. Therefore, the -CO- group is a deactivator and meta director. 
Accordingly, the left ring carrying the activating group is the most reactive and is, 
therefore, the ring that is substituted. 
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B 
Онно) „= mK) mo) 
FeBr, 
Br 
| Que | 


(a) KMnO; 
K 2- coon 
b) HNO, KMnO, 
©) ом )- CH; e ow )- COOH 
H5SO, 


(a) p-Methylbenzyl bromide is solvolyzed rapidly by methanol because it readily forms 
the carbocation intermediate essential in a 541 reaction. It forms a carbocation readily 


because the latter is stabilized by resonance, being a benzylic carbocation. 


.B 4 CH,OH 
у=» cte eR] SER Or 
-H 


Relative rates: X = СНЗО > CH; > NO; 


(b) The solvolysis is faster with a p-methoxy group because the latter can provide electron 
density to the ring making the benzylic carbocation even more stable. The reaction is slower 
with a p-nitro group because the latter de-stabilizes the benzylic carbocation because of its 
electron withdrawing character. 


The aromatic sextet represents the requirement of having six electrons in p-orbitals in a 
closed shell. Pyridine has six such electrons, one from each of the five carbons and one from 
the nitrogen, all as represented in the double bonds shown. Therefore, the lone pair of 
electrons on nitrogen are not involved in the closed shell and they are available for 
protonation as for any other amine. Therefore, pyridine is basic. 


By contrast, to form an aromatic sextet in pyrrole requires one electron from each of the four 
carbons (i.e., from the two double bonds shown) but also both unshared electrons from 
nitrogen. Therefore, these unshared electrons are involved in the aromatic sextet and 


unavailable for protonation. Protonation of the nitrogen would require destruction of the 
aromatic sextet and foregoing the resonance stabilization energy associated therewith. 


pyridine pyrrole 
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These syntheses each require two transformations - conversion of the methyl group to a 
carboxyl group, and the attachment of two nitro groups. The key question is which 

should occur first? Since the methyl group is an ortho-para director, di-nitration produces 
2,4-dinitrotoluene. Oxidation then produces 2,4-dinitrobenzoic acid. Oxidation of toluene 
produces benzoic acid. The carboxyl group is a meta director so di-nitration produces 
3,5-dinitrobenzoic acid. 


NO; NO, 


HNO, vee KMnO, "o: 
ON CH cC e COOH 
#;50, 2 3 о, 
2,4-dinitrobenzoic acid 
CH, — 


ON 
HNO 
КМпо, Cp) соон ———» СООН 
Н2$04 
O,N 


3,5-dinitrobenzoic acid 


The formula (CoH10) indicates there must be a combination of five rings or unsaturations in 
the compound. Positive reaction with bromine and permanganate indicates some 
unsaturation, and the hydrogenation indicates there is only one normal double bond present. 
Therefore, the remaining four unsaturations/rings indicate the probable presence of a 
benzenoid ring. Vigorous oxidation, a reaction which leaves benzenoid rings intact and 
removes side chains except for a carboxyl group, produces C7H6O2 which must be benzoic 
acid (C6H5COOH). Therefore, the three carbons unaccounted for (after the six are assigned 
to a benzenoid ring) all are part of a single side chain (otherwise there would be two 
carboxyl groups on the ring). The production of formaldehyde (CH2O) upon ozonolysis 
indicates the presence of a CH2- group on the benzenoid side chain. At this point it can be 
deduced that A can only be structure E or F. The fact that D is produced by acetylation 
determines its structure and means that A can only be structure E. 


с 

С=О 

CH, 

| 1. ОЗ 

CH CH; — 2.2wH,Q 
CH(CH 

| М | a ы 

А О KMnO, 


B 
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Br; 
(a) (Qro “ны ОН P { осн, = Br- J- осн, 
сна ЕеВгз 
HNO ZwH 
сњсос 3 8 
нева сњо) —  CH,CO Е 
e Q АС; : H;SO, : <) HCI | 


NO; 


ae 
NO, 
ad H 
©) Q Ho," о 20) 


Nitration will occur fastest on the ring which provides the most stable arenium cation. The 
bromo group is a deactivator because of its high electronegativity. Thus, the bromo- 
substituted ring provides the least stable arenium cation. The dominant product is 4-bromo- 
4'-nitrodiphenyl, derived from attack of nitronium ion on the unsubstituted ring. 


The difference in the reactivity of aniline and acetanilide is due to the difference in the 
extent to which the -NH2 (amino) and -NHCOCH3 (acetamido) substituents release 
electrons to stabilize the arenium cation. Both substituents have a nitrogen atom attached 
directly to the ring, and the unshared electrons of nitrogen are available to delocalize the 
positive charge in the arenium cation formed during electrophilic bromination. 


In the case of aniline the amino unshared electrons are able to be fully shared with the ring 
to stabilize the arenium cation. There is no other competition for these electrons. However, 
in the case of the acetamido group the unshared electrons of nitrogen also are attracted by 
the carbonyl group due to its polarization away from the ring (path a). Therefore, the 
unshared electrons on nitrogen are less available to the ring in acetanilide (path b) than in 
aniline. Therefore, aniline is more reactive in electrophilic bromination than is 

acetanilide and is therefore susceptible to tri-substitution. 


* NH; T 
Br 
H 
Aniline on 
H |! 
+М= Сс СН} 
а 
о о Вг 
H | ЖАЛ 2 р сх H 
Br* Br 
H [9] 
Ne H 1 
a b *N-C—CH, 
Acetanilide Br 
H 
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Recognize that any substitution reaction on aniline will lead to poly-substitution because of 
the strong activating effect of the amino group (as strong as that of the hydroxyl group). 
Therefore, it is essential to moderate the activating effect of the amino group and this is 
accomplished by attaching an acetyl group. Then it is possible to mono-nitrate acetanilide 
in the para position. Bromination of p-nitroacetanilide will occur at the ortho position 
(the acetamido group is an ortho-para director). The final step is removal of the acetyl 
group by hydrolysis to produce the desired 2-bromo-4-nitroaniline. 


CH;COCI HNO, 
NH, ———À» (С )- мнсосн, Xe o-€ )-NHcOCH, 
29V4 


aniline acetanilide Br 
РеВгз 
Вг Вг 


on) Ын POE on) NHCOCH; 


2-bromo-4-nitroaniline 


The formula weight of C4H5 is 53, so W must have a molecular formula of CgH10 


(molecular weight 106). This formula implies the presence of four unsaturations and/or 
rings. Since W did not react with bromine or permanganate it has no normal unsaturations. 
Therefore, the presence of a benzenoid ring is suspected and only two carbons are left 
unaccounted for. The structures CgH5CH2CH3 (ethylbenzene) and C6H4(CH3)2 (o-xylene 


[o-dimethylbenzene], m-xylene, or p-xylene) are therefore suspected for М. X produced by 
oxidation of W most likely is benzoic acid (C6H5COOH) which indicates that the benzene 
ring of W has only a single substituent. By these conclusions W is confirmed to be 


ethylbenzene. 
2 CH;CH; (M COOH 


W (ethylbenzene) X (benzoic acid) 


The Williamson reaction should, in principle, be appropriate for converting morphine to 
codeine (the methyl ether of morphine). The problem is that there are two hydroxyl 
groups in morphine, one an alcohol and the other a phenol. Since the phenolic hydroxyl 


(рКа ~ 10) is more acidic than the alcohol (pK, ~ 16) the phenolic proton can be removed 
selectively with aqueous sodium hydroxide. The resulting phenoxide can be used as a 
nucleophile in the Williamson synthesis of ethers. 


Methyl ethers are cleaved by hydroiodic acid back to a phenol and methyl iodide. 


Metallic sodium would convert both -OH groups of morphine to oxyanions and the addition 
of methyl iodide would convert both into methyl ethers by the Williamson synthesis. 
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HI CH,- 
- СН 


1. NaOH 


2. СНА HOw" 
Codeine 


Morphine 


О 


2 
T, 


N—CH, 
CH,-0V 


O-Methylcodeine 


| VI. Conceptual Problem 


Dioxins: Up in Smoke 


ou have recently been hired by the state environmental office as an environmental 

engineer. The major focus of your job is to establish tougher but practicable standards that 

ensure a substantial decrease in the dioxin levels in the state, particularly in the larger 
cities. You soon realize that part of your job will also entail public relations, for a series of small 
chemical accidents in the last year has put dioxins in the news. You attend a local hearing to 
discuss one such chemical accident where the citizens are justifiably upset and demand that ALL 
dioxins be eliminated. As a citizen, you share their concern; as an engineer, you discuss how 
realistic such a goal would be. What many people do not realize is that the general term "dioxins" 
applies not to just a single compound, but to a family of chlorinated compounds derived from the 
parent compound dioxin (compound A). The most prominent member of that class of compounds is 
2,3,7,8-tetrachlorodioxin (compound В). 


CLO ОКК 
о СІ o а 
Compound А Compound В 


Any and/or all hydrogens on the parent dioxin rings can be replaced by chlorines, which means 
there are a huge number of different compounds in the dioxin family. Many halogenated compounds 
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are produced naturally by a variety of organisms—such as red algae and plants—and by natural 
physical events—such as volcanic eruptions and forest fires. The carbon-chlorine bond is not 
innately lethal. Indeed, plastics that get used on a daily basis, such as Saran Wrap and 
polyvinylchloride, are not considered dangerous at all! 


Ш Knowing that dioxins are produced naturally during fires or any burning of organic chlorine- 
. containing material, what are some of the sources you must consider as potential sources of dioxins 
in your state? 


* Ans: incineration of municipal waste, cremation, when you use your fireplace, wood-burning 
stoves, grass and forest fires and any and all accidental fires in buildings 


W Why must you seek cooperation from the environmental offices of neighboring states? 
* Ans: Dioxins may become airborne and do not respect state lines. 


W Are dioxins and the family of organochlorines water soluble? Are dioxins found in food? Which 
foods might contain higher levels of these compounds, fruits and vegetables or fish? 


* Ans: Dioxins are not appreciably water soluble, but rather are fat soluble - they have no very 
polar functional groups that can hydrogen bond to water molecules. Fish generally contain 
higher amounts because of all the fish oils which solubilize them and because of the presence of 
dioxins in many water effluents. Fruits and vegetables have extremely low levels of dioxins. 
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|. Textbook Chapter Contents 


10.1 Introduction to Carbon Radicals 
1011 Generation of Carbon Radicals 
10.1.2 Structure of Carbon Radicals 
10.13 Stability of Carbon Radicals 
10.14 Importance of Carbon Radicals 


10.2 Reaction of Alkanes with Halogens 
10.21 Mechanism of the Chlorination of Methane 
10.22 Halogenation of Alkanes in Synthesis 
10.23 SpecialCases: Allylic and Benzylic 
Bromination 


10.3 Reaction of Alkenes with Hydrogen bromide 


10.3.1 Mechanism of Radical Addition of Hydrogen 
Bromide 
10.3.23 Application in Synthesis 


his chapter introduces a second type of reactive intermediate (the first being 
Ts carbocation), a carbon radical in which a carbon atom carries three sigma 

bonded groups and a single unpaired electron. They are intermediates in a 
few important reactions of organic compounds. 


ш 


l. Learning Objectives 


* Know the electronic structure of a carbon radical and understand the stability 
sequence of alkyl radicals (3° > 2° > 1). 


* Know that radicals can be generated by heat, by light, and by chemical initiators. 


* Be familiar with the fact that combustion of hydrocarbons occurs via a radical 
initiated oxidation mechanism. 


* Know the chain-reaction mechanism for the radical-initiated halogenation of 
alkanes. Be able to apply this reaction to benzylic and allylic compounds as well. 
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* Write equations for the application of radical bromination for the formation of alkyl bromides 
from alkanes. 


* Know the mechanism for the radical-initiated addition of hydrogen bromide to alkenes. Be able to 
account for the anti-Markovnikov regiochemistry of such additions. 


* Be able to apply ionic or radical addition of HBr to alkenes as part of organic syntheses. 


Il. Glossary 


antioxidant a reagent which inhibits autoxidation by trapping the propagating radical 


autoxidation a chemical reaction that involves oxygen, proceeds via a radical chain reaction, and 
results in the formation of hydroperoxides 


carbon radical a carbon atom with three of its four electrons participating in covalent bonds to 
three substituents, the fourth electron being unpaired 


chain reaction a reaction that once started is self-propagating. One of the products of the propaga- 
tion step is the reactant needed to make the reaction occur again with another molecule of substrate 


heterolytic cleavage a bond breaking in which both electrons remain with one of the two atoms 
involved in the bond 


homolytic cleavage a bond breaking in which one electron remains with each of the two atoms 
involved in the bond 


hydroperoxide a compound of structure ROOH 

inhibitor a reagent which interrupts the chain reaction of the autoxidation process 

initiator a substance that readily forms radicals that can initiate a radical chain reaction 
initiation step the first step in a chain reaction, typically the production of a radical initiator 


NBS N-Bromosuccinimide, a reagent used to accomplish radical brominations, especially of allylic 
or benzylic positions 


peracid RCO H, related to a carboxylic acid but containing an "extra" oxygen in an oxygen-oxygen 
sigma bond 


peroxide a compound containing an "extra" oxygen atom in an oxygen-oxygen sigma bond. 
Examples are hydrogen peroxide (НООН), alkyl hydroperoxides (КООН), and alkyl peroxides 
(ROOR) 


propagation step the second step in a chain reaction, typically the step that produces the desired 
product and regenerates the reactant needed to effect another cycle of the reaction 


radical a group or atom with one or more unpaired electrons 


termination step the final step of a chain reaction, a reaction that consumes a radical that otherwise 
would propagate the reaction 
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1. Halogenation of alkanes 


RH + X 


2. Halogenation of allylic and benzylic compounds 


3. Addition of HBr to alkenes 


Вг, ог 
NBS 
ROOR 

Br, ог 


NBS 
ROOR 


- 
Ar-CBr 
N 


| hv or ROOR 
H 
| ~ __ RCHBrCH; 


(Markovnikov addition) 
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RCH,CH,Br 


X = Cl or Br 


(Anti-Markovnikov addition) 
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d : 
€ V. Solutions to Problems 
For "How to Solve a Problem," review pages 339 and 344. 


10.1 The technique for balancing an oxidation equation is to determine the number of carbons in 
the substrate and use that same number for the number of molecules of CO2 produced (since 


each carbon will appear in the form of CO2). Then determine the number of molecules of 


water produced by deducing the multiplier needed to account for all of the hydrogens in the 
substrate. Finally, total up the number of oxygens in the products and assign the necessary 
multiplier to the oxygen molecules required. 


CH, + 20  — со + 2H 


ОН, + 3 о, — 2 co, + 2 H;O 


+ 


CH; * 2.5 О; — 2 со, H,O 


СУН + 12.5 о, — 8 со, + 9 H,O 


10.2 
ыйба: ofr pr Mae. Bri 
Propagation 
CH4CH;CH;— H Pu — НВг + CH,CH,CH,* 
ч rN 
CH3CH2CH2* + Ве ——»- CH,CH;CHgBr + Bre 
1-bromopropane 
10.3 


о <> Ju Qs 
hv 


Br; 
(D  CHCHCH,CH, — а CH4CH;CH;CH?Br CH,CH;CHBICH; 


Br 


B 
(c) v s Mv v^ 
hv 
C» Br, Br 
у ( : 
Br 


d 
(d) Е 


Q- 


Br 


Ke 
„-О- 
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10.4 
o> Be (в маске CHS __ н; 
C= СН РҮ C,H, 
+ | „Вг NaOCH; | „ OCH; 
— 
= 
EcL ane ere 
Н, 
Pd/CaCO; 
( )—сн=сн, 
10.5 
OCH; 
o OQ = -o~ CHOH on 
OO = Ор m 
——» —— > 
Br А e 
Br 
10.6 
(a) HBr га 
Ми —== >= 
dark V 
(5 МИ HBr > М“ Br 
ROOR 


me OX 
— 

© C= dark 
HBr Br 
— 

de = 
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10.7 | 
NaC = CH 
(a) Cs — ( )—сж=сн 
Н, 
Pd/CaCO, 
HBr 
CH -«—— — — == 
C» 2CH3Br ROOR CH CH, 
Br OCH 
NaOCH 3 
о VQ By А 
= dark A cold A 
10.8 
N 
(a) СУ ` +  *OR — C» * HOR 
A cM 
(b) e ы: +  *OR — и д * HOR 
НИ “^^ А 
© и + чов — И + нов 


А7 4 
(d) +  *OR — ' + HOR 
(e) Ha TA OR — +. + HOR 


(f) Св —< + + ОВ —— ж Сн; —\_ + HOR 
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10.9 Radical reactions can be initiated by using heat, by using ultraviolet radiation, ог by using 
an initiator such as a peroxide (ROOR). 


10.10 
Nay heat 
Initiation СЕ — > 2c. 
Propagation с 
H 
| | 
CH4i— c> СГМ — НСІ + CH,— Ce 
| 
H H 
H H 
| am gs (a | 
CH aed а _ ао + «С 
Н H 
10.11 


Cs + \ еВ — = C» + HBr 


10.12 The three possible alkyl radicals which could be formed by hydrogen abstraction from 
2-pentene are shown below. The allylic radicals (B and C) will be more stable than A 
because of resonance, with B being the most stable because it also is secondary whereas C is 
primary. The alkyl radical (A) will be less stable since it is primary and not allylic. Thus, 
the stability sequence willbe B > C > A. 


А CH,CH,CH=CHCH, 
CH,CH,CH=CHCH, ы CH,CHCH=CHCH, 
с 


CH;CH,CH=CHCH, 
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а CL H 
М, -— Nm Cl ME а 


(plus polychlorinated butanes) 


10.13 


10.44 Radical bromination of cyclohexane is useful because only one kind of hydrogen is present 
(secondary). Since all hydrogens are equivalent only a single mono-bromocyclohexane will 
be formed. In the case of the bromination of butane, two kinds of hydrogen are present 
(primary and secondary). Both kinds will be abstracted to form radicals, and therefore 
both 1-bromobutane and 2-bromobutane will be formed. 2-Bromobutane will be formed as 
the major product (because of the greater stability of the secondary radical), not the 
desired 1-bromobutane. 


Bn 
OD. ae a 
A 


МИ Se в "uou d 


minor major 
10.15 
JEONG 
Во. + H—Br —— ROH + Вг 
we UN | 

сна CH=CH, + *Br — = СН; CH—CH2—Br 

C,H;— CH— СН = Вг + mo: —  CH— CH;— CH,—Br + *Br 
10.16 


Br B 
(a) O “= C» (b) io d i b d 
Br Br 
©) м. та > (d) 0 а – р ee 
Br 


hv 
Br; 
(e) СєН5СН,СН,СНз E Ead CsHsCHBrCH2CH; 
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Cl Cl 
CH SCH. — pm 1 CH,CHCl — эа CH;-CHCh +  CHCHzCH;CI 
У 
chloroethane 1,1-dichloroethane — 1,2-dichloroethane 


EC hv 


cl—cl —= 2Ch 
и ^^ 
cH, CH, Ин + «Cl —— CH,CH; + HCl 


fo a 
CH3-CH2° + С ср —  сњ-снуст + ос 


chloroethane 


ея + 6С —— CH;-CH-Cl + НСІ 


~ 
ZON 


СНз-СН-СІ + СІ с] >>> CH;-CHClL + *Cl 
1,1-dichloroethane 


Аи А 
CKCH,CH,—H + «а ——» CICH,CH, + HCI 


ANTON 


СІСЊ-СН + Cl— Cl ——» СІ-СН,-СН-СІ + *С! 


1,2-dichloroethane 


10.18 Radical bromination involves the removal of a hydrogen atom from a carbon-hydrogen bond 
to produce an alkyl radical which will react with bromine. The most stable possible 
radical will be formed the fastest in the removal process. Therefore, the product alkyl 
bromide will be that resulting from the reaction of the most stable radical with bromine. 
There is only slight difference between the stability of a primary and secondary alkyl 
radical Therefore, propane will form both primary (n-propyl) and secondary (isopropyl) 
radicals. It follows that a mixture of 1-bromopropane and 2-bromopropane will be produced 
from propane. 


Propylbenzene could conceivably produce a primary, secondary, or benzylic radical. A 
benzylic radical is considerably more stable than a primary or secondary radical due to 
resonance stabilization. Therefore, it will be preferentially formed and the final product 
from bromination of propylbenzene will be mainly 1-bromo-1-phenylpropane. 


169 


10.19 


10.20 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


Br udi 
——— . 
М ROOR + МАВ; 
Br 
major product minor product 
— 
ROOR 
Br 
HBr 
(a) „с come xN 
Br 


HBr 
(D 7 a oed МХМ вг 


B 
(с) O ans Н 
Вг 
Вг, 
(d) O — С» 
ROOR 
(e) > -NBS (в 
Вг; 
o > heat (в 


The product will be allyl bromide in which bromination has occurred at the allylic 
position. The reaction occurs by removal of a hydrogen atom from the allylic position of 
propene. However, the allylic radical is resonance stabilized so there is radical character 
at both methylene groups of the radical intermediate. In other words, both the 12С and 
14С terminal carbons should have equal radical character. Therefore, when the allylic 
radical attacks N-bromosuccinimide to remove the bromine it does so equally from the two 
identical contributing structures. Therefore, the allyl bromide should have about 50% of 
the 14С on each methylene carbon. 


McH,-CH.CH,  -NBSy MCH,-CH-CH,*  -——» .!°СН,-СН=СН, 
þes þes 
14, CH [4 
CH;-CH-CHjBr Br^CH;.CH-CH; 
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10.21 
Br 
HBr Ao... HBr 
oes “ak C “һу Bu pom 
Br 
10.22 
Qo =f {Су 
B H H 
r 3 FeBr; 3 соне Cp ou 
p-bromotoluene benzyl bromide 
*10.23 
CH Zn/H, Br 
О BE Chom ше Chon H 
АС, НСІ hv 
NaOEt 
{ ) CH=CH: -— "asc 
10.24 
NaOEt HBr 
(a) (CH34CBr E ае (CH),CH=CH, таа (CH3)2CH-CH2Br 
NBS CH= NaOEt 
(b) CH3CH2CH=CH) > CH,CHB H=CH, Sa CH=CH- CH= CH, 


eO > Oe од пој © 
heat 
OCH, 
(à) KMnO; „_ E 1. Ма == СК 
pd 2. CH OCH; 


(from (c)) 
CH,CO,H OCH; OCH; 
„© =® С>» sem, CLT Че. 
wog 293 % OCH, 
(from (c)) 


1. Mg, ether 
— —Ó»— 


Br 
(D (CH,),CH тар (CH,),CBr (CH3),C-CH,CH,OH 
еа 


2 


3. Н*/Н2О 
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10.25 

Br, NaOH 

(a) “у Вг ——» OH 
== CH 

"ms < >= à 

hv 
ө О) Be Qo te Dew Ии 

em 2. H+/H,O OH 

Br; l. Li Li Све 

—— Br > 
oO & Ota ы ме 

= H 
o (os MEH (Сусе te Oran 
Pd/CaCO; 
H20 
CX on Н,50, 
асн H 
(b (у a> (у в ==сн ee CM 
Pd/CaCO, Het 
10.26 


CHOH 


C 
Zn/Hg Brz 
(a) —— ә ж— г 
НСІ ROOR 
Br 
Br 
2 Вг, Вг, с, 
(b) | жа” № 
Вг CH3 


FeBr, ROOR 
C2H5 C2H5 


к м 
= 9 
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10.27 
r (C)H;),CuLi 
(a) C 2-98 mui T Hs» Cp) cath 
M 
CH3Br 
1. Li, ether C^ 2 P 
"Qeon. Liten [y А 
2. Cul C 2 
(from (a)) 2 
Br? NaOEt 
(с) CgHSCH;CH;CgH; we CoHsCHBrCH;CsHs —— >= CsHsCH=CHCsHs 
(from (b)) 
10.28 
Br NaOH 
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CeH,CH-CH-CH-CH; -———- C,H,CH=CHC= СН 
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(a) The regioselectivity of HBr addition is caused by the preferential stability of the 
intermediate, either carbocation (in the dark) or radical (under UV light). In the radical 
addition of HBr the initial adding entity is a bromine radical, forming a radical 
intermediate. However, in the non-radical addition of HBr the initial adding entity is a 
proton, forming a carbocation intermediate. The radical and cation location is on the same 
carbon of the molecular structure - the secondary carbon. The final steps in the reactions 
involve the forming of a bond with a hydrogen atom or a bromide anion and therefore 
produce alkyl bromides of opposite regiochemistry. 


H 
Ne HBr | 
D „с“ CH Br Dm — C— сна Br 
N 
C = CH 
Á ? Br 
H* NE Вг. 
С — CHH — M — $ — сна 


(b) Both addition reactions commence by nucleophilic attack of the alkene on the 
electrophile, HBr or Br2. The stereospecificity differences appear in the second step. The 
addition of bromine to an alkene is stereospecific because of the intermediacy of the 
bromonium cation, necessitating a backside attack of the bromide anion to complete the 
addition and form the vicinal dibromide. Therefore, the two bromine atoms are always 
oriented opposite one another in the final product. In the addition of HBr the intermediate 
is a carbocation which has a plane of symmetry. Therefore, in the final step the bromide 
anion can approach equally well from either side, and as a result there is no preference for 
one side or the other. 


: Br ; 
=< ——— stereospecific back- 
rS / ~ side attack only 


The molecular formula indicates the compounds are "short" four hydrogens compared to the 
С5 alkane. The uptake of two equivalents of hydrogen by both W and X indicates that all 
the unsaturation can be removed by hydrogenation. Therefore, there are no rings present 
and there is one triple bond or two double bonds present in each. КМпОд oxidation will 


_cleave any multiple bond. Since W produced only two carboxylic acids upon oxidation it 


must contain a single multiple bond, which therefore must be a triple bond. Since no carbon 
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dioxide was produced it must have been an internal triple bond. Therefore, W can only 
have been 2-pentyne (there are no other possible structures with an internal triple bond and 
five carbons). 


CH;CH,C= CCH; SM CH4CH2COOH + НООССН; 
2-pentyne 


Since X produced four oxidized sites there must have been two double bonds cleaved. Acetic 
acid (CH3COOH) was one product indicating a CH3CH= unit must be present. The 


production of CO2 indicates a terminal carbon was oxidized so a CH2- group must have been 


present. The two carbons unaccounted for appeared in a di-carboxylic acid which must have 
been HOOC-COOH, indicating a =CH-CH= unit was present. Therefore, piecing the 
"units" together results in the structure of X being 1,3-pentadiene. 


CH,CH=CH-CH=CH, ИВО CH,COOH + HOOC-COOH + CO, 


1,3-pentadiene 


10.32 
CI CH,COJH CICH 
CH.CH-CH, ————» CICH,CH=CH, ————» 7 
ROOR d 
10.33 


peroxides 


(У (а) Же. НЕ Вг (6) ас сн C cm CH 
(c) 


н; 


10.34 Step A: bromine and UV light, or NBS and peroxide; Step B: AlBr3 and benzene (Friedel- 


Crafts alkylation); Step C: bromine and UV light, or NBS; Step D: 
(CH3)2NCH2CH2ONa obtained from the precursor alcohol and sodium. 
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Benadryl 


176 


CHAPTER 11 


Determination of Structure: Spectroscopy 


|. Textbook Chapter Contents 


111 Structure Proof 
11.1.1 Determination of Molecular Formula 
111.2 Hydrogen Deficiency Index (HDI) 
11.3.3 Functional Group Tests 


11.2 Mass Spectrometry 
11.2.1 The Mass Spectrometry Process 
11.2.2 Molecular Ion 
11.23  Fragmentation Patterns 
11.2.4 How to Use Mass Spectra 


11.3 Introduction to Molecular Spectroscopy 
11.3.1 Electromagnetic Radiation 
1.3.2 Spectrophotometers 
11.3.3 Comparison Spectra 


11.4 Ultraviolet-Visible Spectroscopy 
11.41 Electronic Excitation 
11.4.2 UV-VIS Spectra and Color 
11.4.3 Uses of UV-VIS Spectroscopy 


11.5 Infrared Spectroscopy 
11.5.1 Vibrational States 
1152 The Fingerprint Region 
11.5.3 The Functional Group Region 


11.6 Proton Nuclear Magnetic Resonance Spectroscopy 
11.6.1 The NMR Phenomenon 
11.6.2 The Chemical Shift 
116.3 Peak Integration 
11.6.4 Spin-Spin Splitting 


11.7Carbon-13 Nuclear Magnetic Resonance Spectroscopy 


uilding on familiarity now with both aromatic and aliphatic chemistry, this 

chapter presents the means by which chemists determine the structure of 

unknown organic compounds. A number of techniques are presented within 
two broad categories. The first category is the historic approach to structure deter- 
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mination which relies on chemical reactions which will distinguish between families of compounds. 
The second category is the more modern approach of utilizing instrumental techniques, especially : 
those involving molecular spectroscopy. 


Il. Learning Objectives 


* Know how to use empirical formulas and molecular formulas to deduce the presence or absence 
of structural features of an unknown compound. Be able to apply the Hydrogen Deficiency Index. 


* Know the chemical reactions already discussed and be able to use them to distinguish between 
families of compounds. 


* Know the operating principle of a mass spectrometer and how it can be used to determine the 
molecular weight of a compound. 


* Be able to detect the presence of isotopes and/or heteroatoms in a compound from the М+1 and 
M+2 peaks. 


* Based on fragmentation analysis be able to deduce some aspects of a molecular structure. 


* Know the electromagnetic spectrum and why a compound absorbs electromagnetic radiation of 
various frequencies. Know the general principles behind molecular spectroscopy and the signifi- 
cance of a spectrum. 


* Know the relationship between conjugation and UV-VIS absorption. Be able to deduce aspects of 
a compound's structure from its VIS-UV spectrum. 


* Be able to use infrared absorption peaks to determine the presence or absence of functional groups 
in a compound. 


* Be able to use the fingerprint region of an infrared spectrum to determine the identity or 
non-identity of two samples. 


* Using 1H-NMR spectroscopy determine the number of different kinds of hydrogen in a 
compound, and the number of each kind. 
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* Using the chemical shift values in !H-NMR spectra determine the kind of hydrogen present in a 
structure. 


* Use spin-spin splitting patterns in 1Н-ММК spectra to help determine the structure of an unknown 
compound. 


* Use C-NMR spectra to determine the number of different kinds of carbon in a compound. 


* For a given compound predict the MS, UV-VIS, IR, 1Н-ММЕ and ЗС-ММЕ. peaks. 


* Be able to interpret peak information from all of the instrumental techniques to determine the 
structure of an unknown compound. 


"ЛИ. Glossary 


chemical shift the extent to which a peak in the NMR spectrum is shifted from a reference peak 
(the reference usually 15 tetramethylsilane set at б = 0). The symbol 6 is used for the chemical shift 
in units of ppm 


complementary color the color that is transmitted through or reflected by a compound. It is the 
color seen by the human eye after radiation of a specific wavelength has been absorbed by a sub- 
stance 


coupling a phenomenon in NMR spectroscopy in which the position of resonance of a nucleus is 
affected by the presence of another NMR-active nucleus. This causes the peak of the nucleus being 
studied to be split into characteristic patterns. The detection of these patterns permits deduction of 
the structural environment of the nucleus in resonance 


daughter ion a radical cation resulting from fragmentation of a molecular ion in mass spectrometry 


decoupled electronically masking the effects of nuclei being coupled (and their NMR peaks thereby 
being split) by the targeting of a second RF beam at the compound being studied 


downfield a direction in which a chemical shift moves when the nucleus is deshielded - a lower 
external field must be applied to accomplish resonance of the nucleus 


electromagnetic radiation a particle (a photon) or a wave travelling at the speed of light and which 
may have different frequencies and, therefore, different energies 


electromagnetic spectrum the range of frequencies exhibited by electromagnetic radiation 


electronic transition a change in the energy level of an electron (most often a pi electron) due to 
absorption of energy from electromagnetic radiation. The energy level of an electronic transition 
usually occurs in the UV-VIS region of the spectrum 


empirical formula a formula indicating which elements are present in a compound and the ratio of 
the number of each to the other 
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fingerprint region the region in the infrared from about 625 to 1550 са! that contains many peaks 
and that is used mainly to compare two samples which are suspected of being identical 


fragmentation the dissociation of a molecular ion into daughter ions 


frequency the number of crests of an electromagnetic wave which passes a point each second. The 
units are cycles per second and are represented by the symbol Hz (Hertz) 


functional group region a region in the infrared spectrum from 1550 to about 3500 cm! in which 
absorption indicates the presence of a specific functional group 


functional group test a qualitative reaction that indicates the presence or absence of a particular 
functional group in a compound 


hydrogen deficiency the number of hydrogens fewer than (2n+2) where n is the number of carbons 
in the molecular formula of a compound 


hydrogen deficiency index (HDI) the hydrogen deficiency divided by 2. The HDI indicates the 
number of rings or multiple bonds present in a compound based on its molecular formula 


infrared spectroscopy determination of the spectrum of a compound in the region 625 - 4000 cm 
(2.5 - 16 nm) 


integration a technique applied electronically to NMR spectra which calculates the area under a 
peak and thereby determines the ratio of the number of nuclei causing each particular peak 


IR an abbreviation for infrared spectroscopy 


mass spectrometry an instrumental technique for analyzing very small quantities of compounds. 
Information can be obtained regarding the molecular weight of the compound, the presence or 
absence of isotopes, and the presence or absence of structural fragments 


molecular formula the actual number of atoms of each element present in a single molecule of a 
compound 


molecular ion a radical cation resulting from the removal of one electron from a molecule, usually 
by mass spectrometry 


molecular spectroscopy the passing of electromagnetic radiation through a sample of a compound 
and the determination of the absorption spectrum 


MRI an abbreviation for magnetic resonance imaging, a diagnostic tool used in medicine which 
uses 1H-NMR spectroscopy 


MS an abbreviation for mass spectrometry 


m/z the ratio of mass to charge of a radical cation (molecular ion) generated in mass spectrometry. 
Since z usually equals 1, the ratio reflects the molecular weight of the molecular ion 


NMR an abbreviation for nuclear magnetic resonance spectroscopy 
1H-NMR spectroscopy NMR spectroscopy of hydrogen nuclei 
13C-NMR spectroscopy NMR spectroscopy of carbon-13 nuclei 


nuclear magnetic resonance spectroscopy determination of the spectrum of a compound using 
radio frequency energy in the presence of a strong magnetic field 
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peak a position (that is, wavelength or frequency) in a spectrum at which absorption of radiation 
has occurred. Peaks may be sharp or broad 


photon a packet of energy emitted by electromagnetic radiation. The energy of a photon is 
described by the relationship E = hv 


radical cation a cation containing an unpaired electron resulting from loss of an electron from a 
neutral species 


resonance when used in NMR spectroscopy the term means the condition in which the applied 
radio frequency energy corresponds to the energy differences between the low energy and high 
energy spin states of the nucleus being studied, and therefore the RF energy is absorbed 


RF energy energy transmitted by radio frequency waves at wavelengths of 1 - 300 m 


scanning the process of determining a spectrum, usually by measuring the intensity of absorption 
or transmission of energy as the wavelength is varied (scanned) 


shielding the extent to which a nucleus is magnetically shielded from the externally applied mag- 
netic field in NMR spectroscopy. A nucleus may be shielded or deshielded, relative to a reference 
compound, and this affects the chemical shift of the nucleus. Shielding is exerted by other nuclei 
and by electrons 


solubility test a qualitative test to determine the solubility of a compound in various solutions, the 
results of which can indicate the family to which the compound belongs 


spectrophotometer also called spectrometer. An instrument for producing a spectrum of a com- 
pound 


spectroscopy the passing of electromagnetic radiation through a substance and the determination of 
the spectrum 


spectrum the pattern of absorption of electromagnetic radiation. Usually reflected in a graph with 
the frequency or wavelength of the radiation on the x-axis and the extent of absorption on the y-axis 


splitting (also called spin-spin splitting) the pattern into which a peak in resonance is split when 
the nucleus being studied is coupled. Typical splitting patterns are doublets, triplets, quadruplets, 
and multiplets 


structure proof the determination of the structure of an unknown substance based on experimental 
observations 


ultraviolet spectroscopy determination of the spectrum of a compound from about 200 nm to 400 
nm 


upfield a direction in which a chemical shift moves when the nucleus is shielded - a higher external 
field must be applied to accomplish resonance of the nucleus 


UV-VIS spectroscopy abbreviation for ultraviolet-visible spectroscopy. Determination of the spec- 
trum of a compound in the region 200-800 nm 


vibrational transition the bending and stretching modes of bonds which occur with an energy 
found in the infrared region 
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visible spectroscopy determination of the spectrum of a compound from 400 nm to about 800 nm 


wavelength the distance between two crests of an electromagnetic wave. The distance is measured 
in meters and is represented by the symbol А, (lambda) 


wavenumber a reciprocal of the wavelength of absorption in the infrared region used as the x-axis 
in IR spectroscopy. The wavenumber is calculated by 10,000 = 1 and shown by the symbol V 
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à IV. Solutions to Problems 


For "How to Solve a Problem," review pages 353, 354, 361, 375, 381, 383, 388, and 390. 


(a) Note that the sum of the percentages equals 100%. Therefore, carbon and hydrogen are 
the only elements present. 


Step one: Calculate the C/H ratio by dividing the percentage composition by the 
atomic weights: С = 83.7% + 12 = 6.98 
Н = 16.3% + 1.01 = 16.14 


Step two: Divide both resulting numbers by the smallest number to produce ratios with 
one figure being 1.00: 

C: 6.98 + 6.98 = 1.0 

Н: 16.14 + 6.98 = 2.3 


Step three: If necessary multiply both numbers by a single number which brings both 
numbers approximately to whole units (apply liberal rounding). In this instance the 
multiplier 3 produces the empirical formula C3H7: 

С: 10x3=3 

Н: 2.3 x = 69 (round off to 7) 


Step four: Calculate the formula weight of the empirical formula which in this case is 
(8 x 12) + (7 x 1) = 43. Divide the formula weight into the molecular weight (86 43 = 2) 
which indicates the molecular formula is two times the empirical formula. Therefore, 
the molecular formula is C6H14. 


(b) C= 77.4% +12.0 2 645 +1.07 = 6.0 


Н = 7.5% + 1.01 = 7.43 + 1.07 = 6.9 
М = 15.0% + 14.0 = 1.07 + 1.07 = 1.0 
Total = 99.9% 


Based on calculations similar to those in (a) the empirical formula is C6H7N with а 


formula weight of 93. Division of the molecular weight of 93 by the formula weight of 
93 indicates that the molecular formula is the same as the empirical formula, CGH7N. 


(c) C 2 70.6% +12.0 = 5.88 + 1.47 = 4.0 


Н = 5.9% + 1.01 = 5.84 + 1.47 = 3.9 
Тога] = 76.5% 


Since the total composition accounted for is not 100% the difference is assumed to be 
oxygen: 

100 - 76.5 = 23.5% 

О = 23.5% + 16.0 = 1.47 + 1.47 = 1.0 
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Based on calculations similar to those in (a) the empirical formula is C4H4O which 


has a formula weight of 68. Since the molecular weight is twice this value the 
molecular formula must be twice the empirical formula, a molecular formula of 
C8Hg8O2. 

The hydrogen deficiency (HD) is the number hydrogens the compound is "short" of being an 

alkane. The HDI is that number divided by two. The HDI values are as follows: 

(a) C6H12 = 1. This value is obtained by realizing that a Сб alkane would have a formula 


С6Н14. Thus, С6Н12 is "short" two hydrogens. The index is therefore 2+2 = 1. 


(b) C8H10 = 4. This compound is "short" 8 hydrogens compared to the Cg alkane (CgH3g). 
The index is therefore 8+2 = 4. 


(c) С7Н120 = 2. This compound is "short" 4 hydrogens compared to a saturated C7 
compound (С7Н16О). The index is therefore 4+2 = 2. 


The molecular formula of С Нд has a HDI of 2. The fact that the compound reacted with 


bromine and permanganate indicates there is at least one double bond or one triple bond 
present. The fact that only one equivalent of hydrogen was absorbed indicates it must 
contain only one double bond. Therefore, there also must be a carbocyclic ring in the 
compound. In summary, С8Н14 contains a carbocyclic ring and includes a double bond. 


(a) The compound C7Hg has a HDI of 4 but cannot have normal double or triple bonds 


because there was no reaction with bromine or hydrogen. Therefore, the HDI must be 
accounted for by a benzenoid ring (C6). This leaves only one carbon unaccounted for which 


must be attached to that ring. Therefore, the compound must be toluene (CGH5CH3). 


(b) C6H120 has no double or triple bonds even though its HDI is one. The absence of 


reaction with sodium indicates there is no OH group present so the oxygen must be an ether 
function. Therefore, the compound must have a ring which could be either carbocyclic or 
heterocyclic. Possibilities include the following specific seven-, six-, five-, and four- 
membered rings as well as numerous three-membered ring possibilities: 


OQG GF mu 


CH, CH, 


Note that the drawing of a group such as methyl on a bond protruding into the middle 
of a ring means that there is a methyl group on the ring but its position is unspecified. 


(c) The compound C6H120 with an HDI of one contains one double bond and an alcohol 
group. 
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(d) C5Hg with an HDI of two contains one triple bond or two double bonds. The ammoniacal 


silver nitrate test indicates the presence of a terminal triple bond. Therefore the compound 
is 1-pentyne or 3-methyl-1-butyne. 


(a) C3HgO is a saturated alcohol (HDI = 0), and there are only two possible C3 alcohols, 


n-propyl alcohol or isopropyl alcohol. The negative Lucas test indicates it must bea 
primary alcohol. Therefore, it is n-propyl alcohol, CH3CH2CH20H. 


(b) C7HgO has an HDI of four. Since there is no detectable unsaturation it must be a 
benzenoid compound (this accounts for С6Н5-, leaving only СНЗО- unaccounted for). It 


cannot be an alcohol on the basis of the sodium test. Therefore, the oxygen can only be an 
ether. There is only one possible structure, and that is phenyl methyl ether (anisole), 
C6H5O0CH3. 


(c) CgHg has an HDI of six—with this large a number a benzenoid compound (which 


accounts for four units of HDI) is suspected. It also has unsaturation which could be a triple 
bond or two double bonds. Strong oxidation produces benzoic acid (C7H6O2), confirming the 


benzenoid suspicion. Further, the benzene ring can have only a single substituent. Only two 
carbons remain unaccounted for so the compound must contain a triple bond. The structure is 
phenylacetylene, CcH5CCH. 


Molecular ions (M*) will have the value of the molecular weight of the compounds. For (a) 
C6H]2 = 84; (b) СзН6Вг = 156; (c) С2Н7М = 45. 


(a) M* = 122; other peak at m/z = 124 (C3H791 Br). 
(b) М+ = 78; other peaks at m/z = 80 (C3H737C)). 
(c) Mt = 58. 

(d) Mt = 73. 


The peaks represent the following: 88 is the molecular ion (M+); 73 is М - CH3 peak; 70 is 
M - H20 (18); 59 is M - C2H5 (29); 55 is loss of a methyl (15) and water group (18). 


(a) The molecular ion at 58 indicates no more than four carbon atoms can be present (five 


would require a M* » 60). The m/z peak at 43 (M-15) indicates loss of a methyl group and 
that at 29 (M-29) indicates loss of an ethyl group. The molecular weight is consistent with 
С4Н10 as the parent compound, for which isobutane and n-butane are the only possible 


structures. It cannot be isobutane [(CH3)3CH] because there is no way for an ethyl group to 
fragment off. Therefore, the compound is n-butane (CH3CH2CH2CH3). 


(b) The m/z at 77 (M-15) indicates loss of a methyl group and that at 57 (M-35) indicates 


loss of a chlorine atom. The peak at m/z 57 can be accounted for by a C4H9 group. The 
latter group must be a t-butyl group ((CH3)3C-) since an isobutyl group ((CH3)2CHCH2-) 
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would show loss of an isopropyl group and a n-butyl group (CH3CH2CH2CH?2-) would show 
loss of an ethyl group. Therefore, the structure is t-butyl chloride. Since the peak at 92 is 
C4H9?9CI, that at 94 is C4H9?7CI, and those at 93 and 95 represent the 13С content. 


For 2-octanone the peak at m/z- 128 is the molecular ion, the peak at 129 represents the 13c 
content, 113 represents loss of a methyl group (M-15), 85 represents loss of the CH3CO group 
(M-43), and 43 represents the acetyl group (CH3CO). 


The maximum possible number of carbons is seven (7 x 12 = 84). Therefore a formula of C7Hg 
is probable and since it does not react as an alkene or alkyne, it must be a benzenoid 
compound. The peak at m/z = 77 represents loss of a methyl group (M-15) which would 
leave a group С6Н5-. Therefore, the only feasible structure is toluene (C6H5CH3). 


The molecular formula С9Н10 indicates an HDI of 5 and the MS indicates the presence of a 
phenyl group (С6Н5-), accounting for 4 units of unsaturation. Thus, unaccounted for is a 
group C3H5- and this group must be unsaturated or must contain a ring. The bromine test 
indicates A is not unsaturated whereas B is. The UV spectrum of A is typical for a benzene 
derivative which is not conjugated, whereas the longer wavelength absorption of B 
indicates there is conjugation with the ring. Therefore, the possible structures are shown 


С у= (У = OK 


А В 


Any compound with a conjugated electronic system should be colored, the result of 
absorption of UV-VIS radiation. p-Nitrophenol should be colored because of the extended 
conjugation from the electron-donating hydroxyl group through the ring to the electron- 
withdrawing nitro group. 1-Phenyl-1,3,5-hexatriene also should be lightly colored because 
of the extensive conjugated system. 1,4-Pentadiene and vinylcyclohexane will not be 
colored because of the absence of a conjugated system. 


Reference to Figure 11.15 indicates that 

(a) for a red compound absorption is required near 500 nm; 

(b) for a blue compound absorption is required near 620 nm; 
(c) for a yellow compound absorption is required near 430 nm; 
(d) for a green compound absorption is required near 720 nm. 


The sample is t-butyl alcohol because it shows the strong О-Н stretching peak of the 
alcohol near 3300 ста“1. 


(a) Benzaldehyde and benzoic acid both should have a strong carbonyl peak near 1700 cm. 


However, only benzoic acid should have a very broad strong O-H stretching peak centered 
near 3300 cm. 
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(b) 2-Pentyne should have a sharp moderate strength peak near 2100 cm”! for the triple 
bond stretch whereas cyclobutene will not. 


(c) Cyclohexanol will show the O-H stretching peak near 3300 cm'1 whereas cyclopentyl 
methyl ether will not. 


1117 The molecular formula C5H10O has an HDI of one. The IR peak near 1725 cm! indicates 


this is due to a double bond in a carbonyl group (aldehyde or ketone). Since there is no NMR 
peak near 9.0 ppm (typical of -CHO) the compound is not an aldehyde so must be a ketone. 
There only two kinds of hydrogen present. The 0.9 ppm peak is a typical C-CH3 group. The 


2.6 ppm peak is typical for hydrogens on a carbon next to a carbonyl group (H-C-C-O). 
Therefore, a partial structure is CH3-CH2-CO-. Since a ketone must have carbon atoms on 


both sides (that is, a partial structure C-CO-C) the only feasible structure which fits these 
patterns is a symmetrical one with identical substituents on both sides of the carbonyl. This 
structure is CH3CH2COCH2CH3 (3-pentanone). 


1118 Since there is only a single peak for each compound there can only be a single kind of 
hydrogen present. The structures are as shown below: 


(à CHOCH, (b) CHs3CCbCH, (с) (СНС (d) CH4CE ССН; 


1119 t-Butyl formate [((CH3)3COCHO] has two different kinds of hydrogen (CH3- and HCO-) in 
the ratio of 1:9. Pivalic acid [(CH3)3CCOOH] also has two different kinds of hydrogen 
(CH3- and COOH) in the same ratio 1:9. The key difference between the two is the 


location of the single 
hydrogen as shown below - the carboxylic acid proton is at the lower field. 


(CH3)3C-O-CO-H (CH43C-CO-OH 
(9) 5: 
(1) | (1) 
| і 
г 1 —1 = = =" 1 
10 5 0 10 5 0 
ppm ppm 


11.200 Both compounds have a C-methyl group which is at about 0.9 ppm (area = 3), and both 
methyl peaks will be split into triplets by the attached methylene groups. Methyl 
propanoate has an О-СНз (area 3, unsplit) which is at 3.5 ppm whereas ethyl acetate has 
an О-СН2 (area 2) at 3.5 ppm which is split into a quartet by the attached methyl group. 
Methyl propanoate has a CH2-CO- (area 2, q) at 2.5 ppm whereas ethyl acetate has a 
CH3-CO (area 3, s) at 2.5 ppm. 
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CH3CH;COOCH; CH,COOCH,CH, 
methyl propanoate i ethyl acetate 
(3) (3) (3) 
| (2) | (2) 
Т ПИ ШШ 
al — HL, ип p, 
5 2.5 0 5 2.5 0 
ppm ppm 
СНз Вг 9 
| | 
@ CH,—C— CH, — Br (b  CH,—C—H (c) CH,~ C— CH, — CH, 
CH, Br 
CH; CH, 
| 
(d Сн;— је — CH; — Br (e) сыс — Br 
H CH; 


11.22 p-Xylene has three different kinds of carbon: (a) the two methyl groups, (b) C1 and Сд, and 


11.23 


(c) C2, Сз, C5 and Cg. 
CH; CH; 
| | CH; 
CH, 
p-xylene m-xylene 


m-Xylene has five different kinds of carbon: (a) the methyl groups, (b) C1 and C3, (c) C2, 
(d) Сдала Сб, and (e) C5. 


The fact that an oxygen functional group (such as an alcohol or carbonyl) was not obvious in 
the IR indicates that C5H12O probably is an ether. Since there are only four 13C-NMR 
peaks two carbons must be identical. The ІН-ММЕ peak at 1.0 is typical of two methyl 
groups on carbon, probably an isopropyl group ((CH3)2CH-). The peak at 3.4 (with area = 
3) is typical of a methyl group attached to oxygen (CH3-O-). Four carbons have been 


accounted for, and since the compound is an ether, the structure probably is isobutyl methyl 
ether (CH3)2CH-CH2-O-CH3. Review of the evidence in terms of this structure reveals 


that it is consistent. 
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With a molecular ion of 134 the probable number of carbons present is ten (10 x 12 = 120), in 
which case there would be 14 hydrogens and the molecular formula would be С10Н14. The 
major peaks indicate the presence of a benzenoid ring (76) and one or more ethyl groups (29). 
The area ratios in the H-NMR add up to only seven, so they must be doubled to account for 
the presence of 14 hydrogens. The peak at 7.1 is typical for a di-substituted benzene ring, 
consistent with the MS peak at 76. The peaks at 1.2 and 2.6 are typical of an ethyl group, 
and the area ratios indicate there are two ethyl groups. Therefore, the structure is a 


diethylbenzene. The 13C.NMR spectrum confirms the presence of ethyl groups (only two 
kinds of aliphatic carbon) and the fact that there are only two aromatic peaks indicates 
the structure must be very symmetrical and is probably p-diethylbenzene. 


(a) The molecular weight (210) divided by the formula weight (C5H10 = 70) is three, so the 
molecular formula is three times the empirical formula, or C15H30. 


(6) carbon = 87.50% + 12.0 = 7.29 +7.29 = 1.00 x 3=3 
hydrogen = 12.50% + 1.01 = 12.38 +7.29 = 1.69x3-5 


The empirical formula is C3H5 (formula weight of 41). Therefore the molecular 
formula is four times (164 + 41 = 4) the empirical formula or C12H20. 


(c) carbon = 75.95% + 12.0 = 6.33 + 1.27 = 4.98 
hydrogen = 6.33% +1.01 = 6.27 + 1.27 = 4.93 
nitrogen = 17.72% + 14.0 = 1.27 + 1.27 = 1.00 


The empirical formula is С5Н5М (formula weight = 79). Therefore, the molecular 
formula also is CSH5N. 


(d)carbon = 67.6% + 12.0 = 5.63 + 1.41 = 3.99 
hydrogen = 9.8% +1.01 = 9.70 + 1.41 = 6.88 
oxygen = 22.6% + 16.0 = 1.41 + 1.41 = 1.00 


The empirical formula is CAH7O (formula weight = 71). Since the molecular 
weight is twice the formula weight, the molecular formula must be CgH1402. 


(a) The molecular formula is the same as the empirical formula (С5Н80). The HDI is two, 
requiring a combination of two double bonds, two rings, or a single triple bond. Many 


structures are possible, including alkenes, carbonyls, ethers, alicyclic, and heterocyclic 
structures. One such structure is cyclopentanone (a) shown below. 


«Qe D 


(b)carbon = 85.7% + 12.0 = 7.14 «7.14 = 1.00 
hydrogen = 14.3% + 1012142 +7.14= 1.99 
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The empirical formula is CH? (formula weight 14) so the molecular formula is four 
times (56 + 14 = 4) the empirical formula, or C4Hg. The HDI = 1 indicates the 


compound must have either a ring or a double bond. There are five possible 
structures (three alkenes and two cycloalkanes) of which cyclobutane (b) shown 
above is one. 


(a) CAH10O has an HDI of zero. Therefore, it can only be an alcohol or an ether. The test 


with metallic sodium would distinguish between the two, with an alcohol producing 
bubbles of gas as hydrogen is evolved and the ether not reacting. 


(b) С5Н10 has an HDI of one. Therefore, it can only be an alkene or a cycloalkane. The 
Br2/CCl4 test would distinguish between the two possibilities, with an alkene reacting 
rapidly with bromine, removing its red-brown color, and a cycloalkane not reacting. 


(c) СБН11Вг is a saturated alkyl halide of which there are eight possible structural 
isomers. Four are primary bromides, three are secondary bromides, and one is a tertiary 
bromide. Silver nitrate in ethanol solution would produce a rapid reaction with the 
tertiary halide, a slow reaction with the secondary halides, and a very slow reaction with 
the primary halides. Sodium iodide in acetone solution would produce a rapid reaction 
with the primary bromides, a moderate reaction with the secondary bromides, and a very 
slow reaction with the tertiary bromide. By these tests it could be determined whether the 
alkyl bromide was primary, secondary, or tertiary. 


(9) carbon = 87.8% + 12.0 = 7.32 +7.32=1.00x3=3 
hydrogen = 12.2% + 1.01 = 12.1 + 7.32 = 1.65х3 ~ 5 


The empirical formula is СЗН5 with a formula weight of 41. The molecular weight of 82 
indicates the molecular formula is С6Н10 which has an HDI of two. Therefore, it could be 


an alkyne, an acyclic diene, a cycloalkene, or a bicyclic compound. The latter compound 
would not decolorize bromine whereas the first three would. There are no functional group 
tests which would distinguish among the first three compounds since all three are 
unsaturated. 


The unknown compound is (a) an alcohol; (b) an alkene or alkyne; (c) a primary or 
secondary alcohol; (d) a primary or secondary alcohol, an alkene, or an alkyne; (e) an 


ether; (f) a phenol; (g) an alkane, cycloalkane, or aromatic. 


(a) the Lucas reagent (HCl/ZnCl2) reacts quickly to form an insoluble alky! chloride with 
2-methyl-2-butanol but slowly if at all with 1-butanol. 


(b) Br2/CCl4 adds rapidly to 1-hexene (and is decolorized) but does not react with hexane. 


(c) AgNO3 in ethanol produces a silver chloride precipitate rapidly with t-butyl chloride 
but slowly or not at all with n-butyl chloride. 
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(d) metallic sodium reacts with 1-butanol to evolve hydrogen gas but does not react with 
1-methoxypropane. 


(e) aqueous sodium hydroxide reacts with phenol to form a salt which dissolves, but there 
is no reaction with cyclohexanol which remains insoluble. 


(f) aqueous sodium bicarbonate reacts with benzoic acid to form a salt (and evolve carbon 
dioxide) which dissolves whereas benzaldehyde will not react or dissolve. 


A (С6Н 100) has an HDI of two and the reaction with bromine and permanganate indicates 
it contains an alkene or alkyne function. Since only a single equivalent of hydrogen is 
absorbed upon catalytic hydrogenation A must contain a ring and an alkene group. B must 
have a formula СеН120 and must be an alcohol since sulfuric acid effects dehydration to an 
alkene C (С6Н10). By inference A also is an alcohol and produces D (whose formula must be 
CgHg) upon dehydration. Because of its UV absorption D probably is a conjugated diene, so 
A from which it is obtained must be an alkene-alcohol with the alcohol group in a position 
which can produce a conjugated diene upon dehydration. Since ozonolysis of C produced the 
single compound (OHC(CH2)4CHO) it must be cyclohexene which must have arisen from 
cyclohexanol (B). Cyclohexanol must have arisen by reduction of either 2-cyclohexen-1-ol 
or 3-cyclohexen-1-ol, both of which would afford 1,3-cyclohexadiene upon dehydration. 
The structures of the unknown compounds are shown below. 


куне ку, 


The m/z values expected are determined by calculating the molecular weight from the 
molecular formula: (a) 96; (b) 126; (c) 151 


(a) M* = 46; fragments at 28 (M - H2O) and 31 (M - CH3). 
gm 
(b) M* = 122 and M + 2 = 124; fragments at 107 (M - CH3), 79 (M - C3H7), and 43 (M - Br). 
(c) M+ = 86; fragments at 71 (M - CH3) and 57 (M - C2H5). 
gm 
(d) M* = 106; fragments at 77 (M - C2H5) and 29 (M - C6H5). 
gm 


The peaks for 2-methylpentane are attributable as follows: 71 is M-15 from loss of a 
methyl group; 57 is M-29 (isobutyl) from loss of an ethyl group; 43 is M-43 (isopropyl) from 
loss of an n-propyl group; 29 is M-57 (ethyl) from loss of an isobutyl group. 
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CH; 
1 : 
CH; Hm CH Y CH; TT СН, TE CH, 


2-methylpentane 


The C3HgO unknown is an alcohol which can only be 1-propanol or 2-propanol. The MS 


indicates it is 1-propanol because of the presence of a m/z = 31 (M - ethyl) peak, a peak 
which cannot arise from fragmentation of 2-propanol. 


We deduce that two bromines are present because of the M+2 and M+4 peaks (m/z = 198 has 
2 x 79Br; m/z = 200 has 7ЭВг + 81Br; m/z = 202 has 2 x 81вг). Therefore, the remainder of 

the structure must be m/z = 198-(2 х 79) = 40(C3H4) and the molecular formula must be 
C3H4Br2 (HDI = one). Therefore a ring or double bond is present. Possible structures are 1,1- 
dibromocyclopropane, 1,2-dibromocyclopropane, 1,1-dibromopropene, 1,2-dibromopropene, 
1,3-dibromopropene, 2,3-dibromopropene, and 3,3-dibromopropene. 


The structures of the two alcohols (both C5H120, Mt = 88) are as shown here: 


OH 
„з=. 0 
OH 
1-pentanol 2-methyl-2-butanol 


Both compounds should show peaks from loss of methyl groups (M-15 = 73), ethyl groups 
(M-29 = 59), water (M-18 = 70). The peak at 73 should be stronger for 2-methyl-2-butanol 
since there are three methyl groups. Therefore, spectrum A is 1-pentanol and spectrum B is 
2-methyl-2-butanol. 


From 2,2-dimethylbutane (m/z = 86) the daughter ion of m/z = 57 is the t-butyl cation 
which arises from the loss of an ethyl group (m/z - 29). 


(CH,);CCH,CH;* — —- . (CHyjC* + -CH,CH, 
M* m/z = 57 


The molecular ion is 86 indicating it probably is CGH14. There are five structural isomers of 
C6H14. The presence of M-15 and M-29 would be expected from several isomers. However, 
M-43 peaks can arise only from two isomers, hexane or 2-methylpentane. 


CH4CH;CH;CH;CH;CH, (CH43;CHCH;CH;CH 


hexane 2-methylpentane 


The presence of a significant M+2 peak indicates the likelihood of chlorine or bromine 
being present. There are several indications the compound contains bromine: (a) the fact 
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that the M and M42 peaks are of approximately equivalent intensity argues for the 
presence of bromine isotopes (79Вг and 81Br occur in about a 50/50 ratio whereas З5СІ and 


97C1 occur in a ratio about 75/25); (b) if bromine is present the remainder of the compound 
has m/z = 77, probably the phenyl group (С6 5); (c) if Cl is present the remainder of the 
compound has m/z = 121, which doesn't provide a realistic formula for Cg or C10; (d) if 


there are two chlorines present the remainder of the compound has m /z = 86 which also 
does not produce a realistic formula. Therefore, the compound probably is CGH5Br 
(bromobenzene). 


1140 Тһе formula CgHg has HDI = 3. The hydrogenation indicates А and B are 


cyclohexadienes. The absence of UV absorption by B indicates it is a non-conjugated diene 
which can only be 1,4-cyclohexadiene. The UV absorption of A indicates it is conjugated 
which can only be 1,3-cyclohexadiene. 


Q © 


A B 
1141 The compounds which should absorb in the UV are those which have conjugated systems: 
(b) benzyl alcohol, (c) 1,3,5-hexatriene, (d) 1-phenylpropane, (e) cyclopentadiene, 
(g) anthracene, (i) diphenyl, and (j) diphenylmethane. 


11.42 The IR spectrum of 2-methyl-1-butanol should show a strong and sharp OH stretching peak 


near 3300 стл". The spectrum of t-butyl methyl ether should be blank near that 
wavenumber. Therefore, compound X is t-butyl methyl ether and compound Y is 
2-methyl-1-butanol. 


11.43 (a)the OH of 1-propanol should produce a peak near 3300 cm. 
(b) although both compounds should produce strong carbonyl peaks near 1700 cm”! the 
benzoic acid should also produce a strong, broad peak centered near 3300 cm“! for the OH 
group. 


(c) the alkyne should produce an isolated peak near 2150 cm”! whereas the diene should 
produce a peak near 1640 em. 


(d) benzy! alcohol should produce a strong peak near 3300 cm. 
(e) 2-pentanone should produce a strong peak near 1700 em. 


(f) 1-decene should produce a modest peak near 1625 em. 
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The compound was a carboxylic acid because it showed both the OH peak (3100-3400 сп!) 
and the carbonyl peak (1700 cm) characteristic of carboxylic acids whereas the other two 
compounds would show only one of the two peaks. 


The formula C4HgO has an HDI of one indicating the presence of a double bond or a ring. 


The oxygen must be in an ether functional group since a hydroxyl and carbonyl group both 
are absent as indicated by the IR data. The compound could be carbocyclic, heterocyclic, or 
alicyclic. A few of the possible structures are shown below: 


о 
С» | | [> осн, De —w уу 


(a) 1700 cm"! for the carbonyl group 
(b) 2150 cm"! for the alkyne group 
(c) 3300 cm for the carboxylic acid 
(d) 3300 cm for the alcohol 

(e) 1625 cm for the alkene 


The progress of the reaction can be monitored by detecting the presence of the alcohol using 


the 3300 cmd absorption in the IR. As long as cyclopentanol remains unchanged and 
detectable in the IR the reaction is not complete. 


(a) one peak (CH2); (b) two peaks (CH3 and СН2); (c) three peaks (СНз, CH2, CH2Br); 
(d) three peaks (CH3, CH2, CH); (e) three peaks (aryl-H, O-CH3, CH3); (f) three peaks 


(CH3, CH2, О-СНз); (g) three peaks (СНз, CH2, COCH3); (h) three peaks (CH3, СНә, 
СОСНз). 


(а) CHOCH; (b) C) (с) CH4CECCH, (d) ®; 


3.5 ppm 1.2 ppm 1.9 ppm 7.0 ppm 


(е) CH,CBrCH, (f) CH,COCH, (в) (СНуСВг (h) O) 


1.4 ppm 2.4 ppm 1.3 ppm 5.0 ppm 
The extent of deshielding of the methyl groups relative to TMS is related to the the 
electronegativity of the atom or group to which the methyl is attached. The amount of 
deshielding of the methyl group is as follows: 


methylcyclohexane < acetone < methyl ether < methyl chloride 
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11.51 
(b) ethyl bromide (СЊСН;Вг) 


(a) methyl ethyl ether (CH,O0CH,CH,) 
Q) 
E о (2) | 
и dh, — dh | 
2.5 0 
ppm 


ppm 


(c) propyl benzene (CH4,CH;CH,C&H;) (d) acetaldehyde (CH4CHO) 


(5) 
М Й I 


(2) 
ШЕ "T ih D. 
BE 


— 
10 10 
ppm 


ppm 


11.52 (a) There are three kinds of hydrogens in both compounds. The key difference is that there 
are two split alkoxy hydrogens (-O-CH2-) in one compound and three unsplit (-O-CH3) in 


the other compound. 
CH3CO-O-CH;CH; CH3CH?CO-O-CH; 


(3) (3) 

(2) | (3) | (2) (3) 
ИШЕ] ПЕ — h ES — aM. dh 
5 2.5 0 5 2.5 0 

ppm 


ppm 


(b) The essential difference is that there are two kinds of hydrogen in 2-bromopropane and 
three in 1-bromopropane. There are also significant splitting and peak area differences. 


CH3CHBrCH; CH 3CH2CH2Br 
(б) (3) 
а) -— n С) | 
A ——MdM. A 
5 M 5 is Е 
ррт ppm 
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(c) The most obvious difference is the presence of two kinds of hydrogen in 1,1,2- 
tribromoethane but only a single kind in 1,1,1-tribromoethane. 


CH3Br-CHBr; CH3CBr; 
dk | 
Шы > ==! 
5 2.5 0 5 2.5 0 
ррт ррт 


(d) Both compounds are benzenoid and both are carboxylic acids. The distinguishing 
feature is that one has a methylene group (area = 2) and the other has a methyl group 
(area = 3). The methylene is slightly more downfield than the methyl group due to having 
two electron-withdrawing groups attached. 


CH rt y COOH Да CH;COOH 


ppm ppm 
(e) The most distinguishing feature is the presence of two kinds of hydrogen in p-xylene but 
three kinds in ethylbenzene. The latter compound has its alkyl hydrogens split. 


cm y- CH; (> CH2CH3 
(5) 
(2) | (2) (3) 
==... Жи 


10 5 0 10 5 0 
ррт ррт 


11.53 


(а) (СНз) СОН (b (CH3)CHBr (с) (СНз): СНСНСІ (d) СН;СН:СН; 


е) C4H.CHOH (0 CH,CH,COOH (8) (CH;5CHCOCH; (h) CeH;CHBICHs 
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Consider how many possible compounds there are with the formula C4H9Br - there are only 


four. Write their structures and imagine the spectrum you would predict for each and 
compare to the given spectrum. 


снз— CH, — СН, — CH,— Br CH,— CH,— сн — CH, 
1-bromobutane Br 
2-bromobutane 
CH; 
| CH; 
СН; т —Br "P CH— CH; —Br 
CH, у 
2-bromo-2-methylpropane 1-bromo-2-methylpropane 


Analysis of the number of peaks present, their splittings, and their area ratios leads to 
CH3CHBrCH2CH3 as the structure for С4Н9Вг whose !H-NMR spectrum is shown in Fig. 
11.39. It shows four different sets of peaks with an area ratio of 3:3:2:1 representing a 
methyl triplet, a methyl doublet, a methylene multiplet, and a methinyl multiplet 
shifted well downfield. None of the other structures match this expected structure. First, 
2-bromo-2-methylpropane should have only a sharp single peak, and so can be easily 
eliminated. Second, 1-bromo-2-methylpropane should have three peaks as follows: 
methyl doublet, methylene doublet, and methinyl multiplet, in the ratio 6:2:1, 
respectively, and also can be readily eliminated. 1-Bromobutane should have four peaks 
in the ratio 3:2:2:2 representing a methyl triplet, a methylene multiplet, another and 
overlapping methylene multiplet, and a downfield methylene triplet. 


The assignment of spectra are as follows: 


Di 
A  CH,— CH— C—O-— CH, 


il 
в н— C—0-— CH,— СН, — CH; 


i 
C CH,— C— 0 — CH,— CH, 


Since there are only two kinds of hydrogen the choices for the structure of C3H3Cls are А 
(CI2CHCHCICHCL)) and B (CICH2CHCICCI5). The splitting patterns should be the same 
for these two structures. The chemical shift of the two kinds of hydrogens in B should be 
about equal (one chlorine on each carbon) whereas in А the chemical shift of the hydrogens 
on C1 and C3 (which should be identical and with two chlorines attached) should be more 
downfield than the hydrogen on C2 which has only one chlorine attached. Therefore, the 
structure is A (CIJCHCHCICHCI)). 
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The two possible dehydrochlorination products are 2-methyl-2-butene (A) and 2-methyl-1- 


butene (B) shown below. The 13С-ММЕ spectra for these two alkenes are mutually 
exclusive and match the structures shown (e.g., A shows four different carbons and B shows 
five). Dehydrohalogenation normally produces the most highly substituted alkene 
(Zaitzev rule) which is A. When a sterically hindered very strong base is employed the 
primary hydrogen is abstracted rather than the secondary hydrogen because of steric 
hindrance to base approach to the latter. Therefore, alkene B predominates. 


NaOH (CH3)2C=CHCH3 (major product) 
A 
(CH,),CCICH,CH, — 
KOBu! 
ы CH,-C(CH,)CH;CH, (major product) 


B 
(a) two peaks in 2-propanol; (b) five peaks in 2-chloro-2-methylpentane; (c) one peak in 


cyclopentane; (d) three peaks іп methylcyclopropane; (e) five peaks in toluene; (f) five 
peaks in p-chlorobenzoic acid; (g) four peaks in m-dichlorobenzene. 


Sample А with three peaks is 1,4-dimethylcyclohexane. Sample B with four peaks is 1,2- 
dimethylcyclohexane. Sample C with five peaks is 1,3-dimethylcyclohexane. 


CH; CH, CH; 
| ‚СН; 6 
CH; 
CH, 
A B С 
1,4-dimethyl- 1,2-dimethyl- 1,3-dimethyl- 
cyclohexane cyclohexane cyclohexane 


The number of peaks would be as follows: 3-ethyl-1-pentanol has five peaks; 2-methyl-2- 
hexanol has six peaks, and 1-heptanol has seven peaks. 
CH3CH3CH(C?H3)CH;CH;0H (CH3); C(COH)CH?CH? CH? CH; 
3-ethyl-1-pentanol 2-methyl-2-hexanol 


CH,CH;CH;CH;CH;CH;CH;OH 
1-heptanol 


C5H120 is a saturated, acyclic compound based on а HDI of zero. The IR indicates it is not 


an alcohol so it must be an ether. The !H-NMR indicates an O-CH3 group (3.4 ppm) and 
two identical C-CH3 groups (1.0 ppm). The other two peaks are consistent with an isobutyl 
group. Therefore, the structure should be (CH3)2CHCH2OCH3. This is consistent with the 


13C-NMR which shows four different kinds of carbon. 
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С8Н100 has an HDI of four, consistent with a benzenoid system. The M-15 peak indicates 
the presence of a methyl group and the M-18 peak indicates an alcohol. The latter is 
confirmed by the IR spectrum peak at 3400 cm'l. The m/z peak at 77 indicates a phenyl 
group. The NMR peak at 7.2 ppm confirms this conclusion. Therefore all eight carbons are 
accounted for - six in the phenyl ring, a methyl group, and a carbon carrying the hydroxyl 
group. Only one structure is possible - CgH5CH(OH)CH3. The doublet at 1.5 ppm indicates 


a methyl group split by an adjacent CH group. Therefore, the structure is determined to be 
that of 1-phenylethanol (С6Н5СНОНСНЗ). 


The IR indicates the presence of a carbonyl group (aldehyde or ketone), and the absence of a 


ІН-ММЕ peak for an aldehyde hydrogen near 9.5 ppm indicates it must be a ketone. The 
molecular ion of m/z = 86 minus the carbonyl group formula weight (28) means the rest of 
the molecule has a formula weight of 58, consistent only with С4Н10. Therefore, the 


molecular formula must be CO + С4Н10 = C5H19O (m/z = 86) and the compound is an acyclic 
ketone. The H-NMR indicates the presence of only two kinds of hydrogen indicating the 
ketone must be symmetrical (consider the structure of all possible C5 ketones for 


verification). The chemical shifts, areas, and splitting are consistent with an ethyl group 
(methyl triplet at 1.0 ppm and methylene quartet at 2.5 ppm) which means the structure 
must be 3-pentanone (CH3CH2COCH2CH3). 


The MS indicates the molecular ion is m/z = 82 which is consistent with a Сб compound 
which can only be СбН10. The HDI is two and there must be at least one double bond 
because of its reaction with bromine. The absence of absorption in the UV rules out a 
conjugated diene. Therefore, it could be an alkyne, a cycloalkene, or a cycloalkane with an 


alkene side chain. The 1H-NMR indicates there are only two kinds of hydrogen among the 
ten hydrogens present. The chemical shifts, relative areas, and splittings are consistent 
with an ethyl group (note the familiar triplet and quartet pattern) and the molecular 
formula requires there be two of them. Therefore, the compound can only be 3-hexyne, the 
symmetrical alkyne. The MS confirms the presence of methyl (M-15) and ethyl (M-29) 
groups. 


С9Н120 has an HDI of four leading to suspicion of a benzenoid ring. The 1H.NMR confirms 
the presence of CGH5- with the peak at 7.3 ppm. Thus, only СЗН7О remains unaccounted 


for. The IR peak at 3380 cm“! indicates the presence of an alcohol which must be on a Сз 


side chain. The NMR triplet of area 3 at 0.9 ppm indicates the presence of a methyl group 
split by an adjacent methylene group - therefore, there must be a fragment CH3-CH2- 


(С2Н5-) in the side chain. Thus, only CH20 remains unaccounted for which must include 


the alcohol group and which must be attached to the phenyl and ethyl groups. Therefore, 
the structure can only be CgHSCHOHCH2CH3. The methinyl group is at 4.5 ppm, the 


methylene group is at 1.8 ppm and the hydroxyl hydrogen is at 2.2 ppm. 
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The empirical formula weight of C4H5 is 53 but since M = 106 the molecular formula must be 
С8Н10. The m/z at 91 indicates the loss of a methyl group (M-15). The HDI is four, leading 
to suspicion of a benzenoid compound. The IR peak at 1625 cm”! confirms the presence of a 
benzenoid compound, as does the 1H-NMR peak at 7.5 ppm. The relative area of the two 
1H.NMR peaks is 2:3 meaning there must be four aromatic hydrogens and six alkyl 
hydrogens. Thus, the compound is a di-substituted benzene. The singlet 1Н-ММЕ peak at 
1.5 ppm is typical of a methyl group on a benzene ring, and the formula and relative areas 
require that there be two of them. Therefore, the compound is a xylene (dimethylbenzene). 
The fact that there are only three 13C-NMR peaks means it must be p-xylene. 


The empirical formula is С5Н10О as determined below: 
carbon = 69.8% + 12.0 = 5.82 + 1.16 = 5.02 
hydrogen = 11.6% +1.01 = 11.5 + 1.16 = 9.91 
oxygen = 18.6% + 16.0 = 1.16 + 1.16 = 1.00 
Since the molecular ion is at m/z = 86 the molecular formula also is C5H30O and the HDI is 


one. The IR spectrum indicates the presence of a carbonyl group (1720 cm!) which accounts 
for the HDI. The 1H-NMR shows no peak near 9.5 ppm ruling out an aldehyde. Therefore, 
the unknown is an acyclic C5 ketone. The M-15 peak (71) indicates the presence of a methyl 
group and the M-43 peak (43) indicates the possible presence of a CH3CO- group and/or a 
C3H7- group. The singlet of area = 3 at 2.1 ppm indicates a CH3CO group, leaving only 
C3H7 unaccounted for. The latter can only be CH3CH2CH?- or (CH3)2CH- groups. The 
triplet of area = 3 at 0.9 ppm indicates it is the n-propyl group because the isopropyl group 
would show a doublet of area = 6. Therefore, without further analysis of the NMR it can be 
concluded that the compound is 2-pentanone (CH3CH2CH2COCH3). 


The molecular ion is at 136 and the equally strong peak at M+2 leads to suspicion of an 

alkyl bromide (recall that the abundance of 79Br and 81Вг is about equal). The alkyl group 
then must have m/z = 57 (M-79) and the molecular formula therefore is probably C4HgBr 
(C4H9 = m/z of 57). The M-15 peak indicates a methyl group but the absence of a M-29 peak 
indicates no ethyl group. Therefore, it cannot be 1-bromobutane or 2-bromobutane, leaving 
1-bromo-2-methylpropane or 2-bromo-2-methylpropane as possibilities. The 1H-NMR 
indicates three kinds of hydrogen with the correct splittings (doublet methyl at 1.0 ppm, 


doublet methylene at 3.3 ppm, and multiplet methinyl at 2.0 ppm) and area ratios (6:2:1) 
for 1-bromo-2-methylpropane (isobutyl bromide). 


The IR peak at 3400 cm’! indicates the presence of an alcohol. The molecular ion is at m/z = 
74 and deducting the formula weight for the OH group (17) implies that the compound's 
molecular formula is C4H9-OH. The M-15 peak indicates a methyl group and the M-18 
peak confirms an alcohol structure. The absence of a M-29 peak means it cannot be 1- or 2- 
butanol. The absence of a M-43 peak means it cannot be 2-methyl-1-butanol. Therefore, the 
compound probably is 2-methyl-2-propanol (t-butyl alcohol) 
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11.70 C3HgO is an alcohol as indicated by the IR peak at 3325 спі. It can only be 1-propanol or 


2-propanol because its HDI = 0. The 1H-NMR indicates three kinds of hydrogen in the 
ratio 6:1:1 which is consistent only with that expected for 2-propanol (1-propanol would 
show four peak areas in the ratio 3:2:2:1). 


11.71 The MS indicates the presence of a phenyl group (m/z = 77), a methyl group (M-15), and an 


ethyl group (M-29). The 1H-NMR spectrum indicates the presence of an ethyl group 
(quartet methylene and triplet methyl) The ethyl and phenyl groups account for a formula 
weight of 77 + 29 = 106, leaving a weight of 16 unaccounted for (probably oxygen in an ether 
- the IR indicates it cannot be an alcohol or carbonyl). The methylene group is well 
downfield, indicating it likely is attached to an oxygen. Therefore, the structure of the 
compound is ethyl phenyl ether (C6H50CH2CH3). 


11.72 The m/z value for methamphetamine is 149. The IR spectrum should show phenyl 
absorption (1625 cm!) and the NH single peak near 3400 спл-1. The 13C-NMR should show 


eight different peaks. The 1H-NMR should have the following peaks: ~7.3 ppm (aryl, 
5H), ~4.0 ppm (NH, s, 1H), ~2.6 ppm (N-CH3, s, ЗН), ~2.3 ppm (СН2, d, 2H), ~2.0 ppm 
(CH, m, 1H), and -1.0 ppm (C-CH3, d, 3H). 


NS 
а OY 
в МАЙ | 
————1——— і Ме Methamphetamine 
0 


| E 
10 5 
ppm 


(5) 


V. Conceptual Problem 


PVC Under Suspicion 


he poly(vinyl chloride) (PVC) monomer, chloroethene, came under suspicion as a carcinogen 

in 1970, when it was discovered that workers exposed to high levels of chloroethene 

developed liver cancer. The mode of action involves mammalian P-450 cytochrome catalysts, 

which causes epoxidation of chloroethene to yield chlorooxirane. At physiological pH (~2), 
chlorooxirane rearranges to compound A. A has an HDI of one, shows IR absorption at 1720 cm-1, 
and shows an 1H-NMR peak near 9 ppm. When compound A is mixed with guanine (one of the five 
bases involved in human DNA) a reaction occurred to form compound B and expel hydrogen 
chloride. 
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You work for an environmental “watchdog” committee and are asked by a neighborhood groupto = 
analyze air and waste water samples from a PVC manufacturing plant in their neighborhood. You 
perform 1H-NMR spectroscopy on the samples. 


E How many peaks would you observe in an 1H-NMR spectrum of chloroethene? What would be 
the approximate chemical shift of these protons? 


: eAns: Two peaks. The chemical shifts would be between 4.5 and 7 ppm. The proton on carbon 1 
would be more deshielded than those on carbon 2. 


Ш Suggest a laboratory method to convert chloroethene to chlorooxirane. 
* Ans: Treatment of chloroethene with peracetic acid or perbenzoic acid 


Ш What would be the approximate chemical shift for the protons in chlorooxirane? 


* Ans: The chemical shift for the carbon-1 proton would be between 6 and 7; that for the carbon-2 
protons would be close to 3 ppm. 


Ш What is the structure of compounds A and B? Write a simple one-step mechanism for the 


formation of compound В from compound А and guanine. Is the reaction 5,1, 5,2, addition, or 
elimination? 


о Ht 
с-сн= сн, 95 К — =  CICH.CHO 
О 


Chloroethene | Chloroacetaldehyde 
Chlorooxirane (compound A) 
О О 
HN М/ CICH;CHO HN М 
d езе ЖИ ч. 
Н, N^ N - HCl HM N^ N 
Guanine CH,CHO 


compound B 


* Ans: The reaction between guanine and compound A to form compound B is an SN2 reaction, with 
the amine (guanine) serving as the nucleophile and group.chlorine as the leaving group. 


R-NH, = guanine 


ЧИН = CHO 
e | - НСІ 
R-NH, + II dee Rie pu 
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his chapter introduces the chemistry of amines, compounds which can be considered as organ- 
IE derivatives of ammonia (an alkyl or aryl group replacing one or more hydrogens of ammo- 

nia) or as derivatives of alkanes or arenes in which a -NH, group has replaced a hydrogen. 
Amines are the bases of organic chemistry. 


• Know how to name amines as alkanamines or as derivatives of aniline (IUPAC system). Also 
know the common names of simple aromatic and alkyl amines. 


• Be able to distinguish between primary, secondary, and tertiary amines. Be able to recognize and 
name quaternary ammonium salts. 


* Know the electronic structure of amines and be able to account for their basicity and nucleophilici- 
ty. Be able to write an acid-base reaction involving an amine. Know how different substituents on 


nitrogen influence the basicity of amines and the pK,s of their conjugate acids. 


e Write equations for the alkylation of amines via an Sp2 reaction. Know the limits of the applica- 
tion of this reaction for the synthesis of amines. 


* Write equations for the acylation of amines to form amides. 
* Know the diazotization reaction for primary aromatic amines. 


* Write equations for the replacement of the diazonium group by a wide variety of substituents as a 
means of producing substituted benzenes from the corresponding anilines. 


* Write reactions showing the coupling of diazonium salts with activated benzenoid compounds to 
form azo compounds. 


* Write equations for the preparation of primary amines by alkylation of ammonia with alkyl 
halides. 


* Write equations for the preparation of primary alkyl amines by the reduction of nitriles and 
azides, both having been prepared from alkyl halides. 


* Write equations for the preparation of amines by the reduction of amides. 


* Write equations for the preparation of aniline derivatives by the reduction of nitrobenzene deriva- 
tives. 


* Be able to devise a separation scheme for a mixture of compounds which include an amine. 
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• Be able to determine the structure of an unknown amine based on chemical and spectroscopic 
information about the compound. 


* Be able to plan multi-step syntheses of simple amines from other families of compounds. 


* Be familiar with the nature of alkaloids and their importance in biological chemistry. 


“IIL. Glossary 


acylation of amines replacement of a hydrogen on an amine with an acyl group to form an amide 
alkaloids naturally occurring nitrogenous bases 

alkanamine the IUPAC family name for alkyl amines 

alkylation of amines replacement of a hydrogen on an amine with an alkyl group 


amide а compound with an acyl group attached to an amino group and with the general structure 
RCONH, (the hydrogens on nitrogen also may be replaced by alkyl or aryl groups) 


amine a basic compound containing trivalent nitrogen 


amine conjugate acid a protonated amine which results from the reaction of an amine with a 
Bronsted acid 


amino group the -NH, group 
azides RN, compounds containing the azido group (-N;) 
azo compound a compound containing the azo group (-N=N-) 


azo dyes dyes used in commerce which contain the azo group, the conjugation of which is the 
source of the color of the dye 


coupling reaction the reaction of a diazonium ion with a reactive aromatic compound to produce 
an azo compound 


diazonium ion an ion of structure ArN,* (Ат-М=М*) 
diazotization the process of converting a primary aromatic amine into a diazonium ion 
nitriles compounds containing the cyano group (-CN), such as RCN or ArCN 


quaternary ammonium salt a compound containing a tetravalent nitrogen and carrying a positive 
charge on nitrogen 
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85 
Ü VI. Solutions to Problems 
For "How to Solve a Problem," review pages 405, 109, 416, 420, 422, 428, and 430) 


12.1 (a) diphenylamine (С6Н5)2МН is secondary; (b) ethylmethylamine (CH3CH2NHCH3) is 
secondary; (c) ethyldimethylamine (CH3CH2N(CH23)2) is tertiary; (d) aniline 
(CeH5NH2) is primary; (e) propylamine (CH3(CH2)2NH2) is primary; (f) pyrrolidine 
((CH2)4NH) is secondary. 


12.2  (a)n-propylamine, 1-propanamine; (b) cyclopropyldimethylamine, 
N,N-dimethylcyclopropanamine; (c) cyclobutylamine, cyclobutanamine; 
(d) isopropylmethylamine, N-methyl-2-propanamine. 


12.3 
NH, CH, 
HO 
МНС,Н; 
(9) рый (€) „М (f — {(CH,),CH],N 
12.4 


(a) canif \- NO, (b cud M- NHCH, (©) 554 


12.5 (а) diphenylamine; (b) 3,5-dimethylaniline; (с) p-vinyl-N,N-diethylaniline. 


12.6 Тһе basicity order decreases from left to right. The pKas of the conjugate acids of the 
amines are shown - the smaller the pKa, the more acidic is the amine conjugate acid 
(ammonium salt), and the less basic is the free amine. 


(a) CH3NH; > СНзО <) NH, > CgH5NH; > ОМ <) NH; 


methylamine p-methoxyaniline aniline p-nitroaniline 
pK, = 10.64 pK,= 5.30 pK, = 4.58 pK,= 1.00 
(D (снумн > C» NH; 
diethylamine cyclohexylamine 
pK, = 10.98 pK, = 10.64 
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The molecular weight having the odd number 73, along with the odor, indicates the 
presence of an amine, and the other MS peaks indicate the loss of methyl and ethyl groups. 
Since it cannot have more than four carbons (five carbons and nitrogen alone would have a 
molecular weight of 74) the molecular formula probably is C4Hj1N. The IR indicates the 
absence of NH absorption so it must be a tertiary amine meaning three of the four carbons 
must be attached to nitrogen. Therefore, by Supe deduction the structure is probably 
ethyldimethylamine, CH3CH2N(CH3)2. The !3C-NMR indicates only three different 
kinds of carbon, consistent with this formula (two different kinds of methyl - CH3N and 
СНЗС - and a CH2 group). The lH-NMR indicates the presence of two identical methyl 
groups attached to an electronegative atom (CH3NCH3) and an ethyl group also attached 
to an electronegative atom (C2H5N). Therefore, the unknown compound is confirmed to be 
CH3CH2N(CH3)2. 


CHI t = 
(а) = me € N- мен» I 
Br NH, 
GP d, e Ak. 


excess 


(с) (CH3;CHBr + (CH3)2NH E (СНз»СНМ(СНз» 


T E а 
(a) C» Lá NH, 

+ — 
(b) [> ве + (CH,;),N — [> cn», Br 


NaOH 
(à (CgH.),NH +  CH,COC] —— ———»  (C4H3;NCOCH, 
NaOH 
(b) С» NH, + QGCH,COC] ——— NHCOCgHs 
NaOH 
(с) CH,CH,CH,NH, +  C;H.COC] ——— —» CH;CH,CH,NHCOC,Hs 
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12.11 
ridine 
(a) снсом + canu, Ае Сен;СОМнС,н, 
pyridine 
(b) NH, +  C;H;COC] = NHCOC,H, 
pyridine 
(c) COC| + C,H;NH, ——— CONHC;H; 
pyridine 
(d CH4NH; + (CH4ó9CHCOC] ————» CH3NHCOCH(CH3)2 
12.12 


NaNO 
© Qv MR (уңа 
ъ ox-( Ук, №95 ont м; ac 


12.13 The primary amine would be converted to the diazonium ion the same as for an aromatic 
primary amine. However, the alkyl diazonium ion is not stabilized by resonance so quickly 
loses molecular nitrogen, forming a carbocation. From previous chapters we know that 
carbocations are very reactive. They react in an SN1 reaction with nucleophiles which 
may be present, in this case water and chloride ion, and also can lose a proton to another 
nucleophile, leaving behind an alkene (this is an E1 elimination). 


3 CH 
CH— NH, NaNO? > ЕВЕ К ње 3N 
CH.” на! ^ 2 „еН 
3 CH; CH; 

1. HO 

-H CI 2.-H* 
„сн ,CH— Cl ,CH— он 
сн, CH; CH; 


209 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 
12.14 
(a) «У. NH NaNO; ы. 2 №ъ№+ HO {у ОН 
? на 2 ^ 
HNO Fe 
TE aa 
* (b) mso. о на ; 
ax HBF, „ NaNO, 
: Ov па 
HNO Fe 
* GH Ly — № сн -( м —с 20 NH 
(с) CH; H,SO, 25 2 "на 295 2 
КІ n NaNO; | 
CH; І << CH; М, НСІ 


МН, 


мо, 
~ LS A899. quu S 
— 
x (d) cu,cot Y Но” CH3CO HCI C2H5 
CN Not | 
CuCN NaNO, 
cn, CS e on, (9 HCI 


*12.15 The key to this synthesis is to note that the chlorines must be substituted meta to the 
isopropyl group. Since the isopropyl group is an ortho/para director this result cannot be 
accomplished by direct substitution. However, it can be accomplished by placing a more 
powerful directing group on the ring at the para position in order that it may direct incoming 
chlorines ortho to itself. This is accomplished by using the amino group and then later 
removing it using the diazotization reaction. 


HNO4 Fe 
(СНз)2СН ——>> (CHCH NO, -———+>- (CH3)2CH NH, 
#8504 HCl 
С! Cl 
| 1. МаМО/НСІ ~ Ch 
-— ———— ——- (CH3).CH NH 
ense S > H5P0; (СНз) < - 2 FeCl, 
Cl Cl 
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12.16 
Starting materials Products 
a) (свом \ 
+ — J сном \- N=N AM SO4Na 
un \- SO,Na Methyl orange 
b) сном \ + нм У |--- 3 сном \- n=n- У 
Butter yellow 
OH OH 
Оо om ОО 
Para red 
OH OCH; OH OCH, 
oY + њефу о Gerd) 
e о ов 
Citrus #2 
12.17 


(а) O = "a C» Вг excess wm O NES 
„О Bo Qo = 
(b) “80, 2 (y NH, 


NBS NH; 
© w^ и Вг excess и мн» 


(4) wv doa V "excess № E e NH, 
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(a) 


(b) 


(c) 


(d) 


(e) 


(f) 


(a) 


(b) 


(с) 


(d) 


(b) 


(c) 


(d) 


Br NaN; N3 
——» 


И У 


NaN; LiAlH4 
Der — [D === |ремн, 


> NaCN 
Вг —— 


БАНА 
БН, и 


5 | NH 
LiAI 2 
D auc. WD. 
NH, 


i NN, ХА Ж 


ч ч 


NaCN 


Br NaN; № LiAlH, NH, 
— y- —^ 


LiAIH; 
CgHSCH;Br — —À» C,H;CH,CN — ——9» C4H;CH;CH;NH, 


CH,COCI МАЈН, 
C;H;NH, ——2——— ә  C;H,NHCOCH, ——= СН;МҸНС,Н; 
NH; LiAIH, 
CH,CH,CH,COC| ——3»- CH;CH,CH,CONH, ———  CH;3CH;CH;CH;NH 
CH4CH;COCI ЦАША 
C,H,NH, —————>- C,H,NHCOCH;CH, — —— >  (CH3CH;CH;; NH 
СН. СОС! LiAlH, 
(CH3;CH2)2NH ————»-  (CH;CH,)NCOCH; ————» (CH3CH))3N 


NaCN. 
Br ————=— CN 


СН;МН, 


LiAlH, а 
вв 
NH; 


LiAIH, 


расеисос а р-СІС,Н,СОМНСН, — M» p-CIC,H,CH;NHCH, 


(уво + cena №№ CO) won, 


NaN; 
CgiCH;Br —— C,H CHN, 


LiAlH4 
NP СеН5СН, NH; 
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12.21 
сни 
Ее excess 
(а) СН ———» CH,NO, бэ 
616 Н,50, „И МО, HCI СеН5МН, ну CH;N(CH3)2 


LiAIH 
© cung, CEXXOC, сен,мнсосн, — — > — C H;NHC;H, 


HNO, Fe 
* (c) C,H,CH; 50, cu, > NO, Hc cu -( У МН, 


1. NaNO, 


LiAlH, | НСІ 
cu У CH,NH, -«—— — сњ- > CN 2. CuCN 


1. NaN CsHsCOCl 
(d) {в L—— зы ( ум, бше ИШ ( > NHCOCGHs 
2. МАЈН, pyridine 


ШАН, | 
(> NHCH,C,Hs 


*12.22 Retrosynthesis, а mental process of thinking backwards from the desired product to a 
starting material mainly in terms of the carbon skeleton required, leads to the analysis and 
synthesis shown below: 


Retrosynthetic analysis 


(M CH,CH(NH2)CH3 ===> ez CH,CHBrCH, => ( \- CH-CHCH, 
Benzedrine | | 
( \- CH;CH;CHs 


propylbenzene 


The first key is realize that it is easiest to obtain this particular amine from a precursor 
bromide. The problem then shifts to "how to get the bromide?" Recognize that a bromide 
cannot simply be substituted on 1-phenylpropane in the 2-position but that it can be 
substituted on the 1-position because of the stability of the benzylic radical. Moving the 
bromide from position one to position two is possible using an elimination reaction and the 
anti-Markovnikov addition characteristic of radical addition of HBr to the 
alkenylbenzene. With this broad outline then it is possible to design the specific synthetic 
steps with the necessary reagents 
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Synthesis 
NaOEt _ 
ба СЊСЊСНа – {у CHBrCH;CH, === (M CH-CHCH, 
HBr 
ROOR 
ФУ CH;CH(NH;)CH; C Да CH;CHN;CH, а СН,СНВгСН; 


Benzedrine (Amphetamine) 


12.23 


Br 


(a) on (b) € \-снмњ (c) € Уменсньхь 
NH, 
N(CH 
(9 с. Cae (е) cA У a (g) mg 


NH, 


NH, 


= + = + = 
(h) (СНОМ Вг G) CgNCH, CI ф cu,o-<_\- NHCH, (К) (CH,),NH, CI 
HN 


ф mooc% V-NH, (m фин, (п) CY №. qo [Y 
N 


N(CH 
N (СНз) 


12.24 The classifications of the above amines аге as follows: (а) primary; (b) primary; 
(c) tertiary; (d) tertiary; (e) primary; (f) primary; (g) both primary; (h) quaternary; 
(i) quaternary; (j) secondary; (К) secondary; (1) primary; (m) both primary; (n) primary; 
(0) tertiary and secondary. 


12.25 (а) 1,6-hexanediamine (also frequently called by its common name, 
hexamethylenediamine); (b) trans-4-(N, N-dimethylamino)cyclohexanol; 
(c) Trimethylanilinium chloride (also trimethylphenylammonium chloride); 
(d) p-isopropylaniline; (e) ethylisobutylamine (also N-ethyl-2-methylpropanamine); 
(f) diethylamine; (g) trans-2-methoxycyclobutanamine; (h) p-toluenediazonium chloride; 
(i) 4-cyclopropylpyridine; (j) 2-buten-1-amine; (k) tetrapropylammonium iodide; 
(1) (S)-3-buten-2-amine. 
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(a) сњ- У NH, (b) {_У—сн,снмнусн, (с) Hoss% Y- NH; 


p-toluidine, primary sulfanilic acid, primary 
amphetamine, primary 


(d) NH (also occasionally written (CH,);NH) (е) [н (also written (CH2)4NH) 
piperidine, secondary pyrrolidine, secondary 
(f) 
ЊЕ 
p 1 
N CH, 


nicotine, tertiary 


Any hydrochloride salt of an amine will contain a proton attached to the amine nitrogen 
(but not the amide nitrogen), forming an ammonium salt with its chloride anion. 


СН» 
+ 
Lidocaine hydrochloride < МН-СО-СН,-МН(СН,СНз) Cl a 
СН; 


1-Butanamine (CH3CH2CH2CH2NH)) is water soluble because it can hydrogen bond with 


water. It can be both an electron donor (using the electron pair on nitrogen) as well as an 
electron acceptor (using its N-hydrogens). Pentane cannot participate in hydrogen bonding. 


The trend in boiling points matches the trend in hydrogen bonding capability. The more 
readily one molecule hydrogen bonds with other molecules the more energy is required to 
break these bonds and effect vaporization. Butane does not hydrogen bond at all so is the 
lowest boiling. 1-Propanol very effectively hydrogen bonds, more so than 1-propanamine 
due to the higher electronegativity of oxygen and the corresponding higher polarity of the 


compound. 


+ = 
(a) CgH,NH; + на —  C4H;NH, С! 


+ = 
(b снумн + 6,50, — (GHs),NH, HSO, 


( 


e 


+ 
) CgHsN(CH;). + CHI —3 CeHsN(CH3)3 I 
+ = 
(d) (CH,),NH, CI + NaOH —> (CHjjNH + НО + NaCl 


+ 25 
© (ОНОМ + CHI —> (СВ I 


о 
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The equilibria lie in the direction in which the strongest acid (lowest pKa) loses its proton 
to the base. 


с” КА 
Ww 2 СНз + cH CH 


МНСОСН;МНССН;) + NaHCO; === NHCOCH2N(C2Hs)2 + н;соз 
pK, = 10.7 | Equilibrium pK, = 6.4 
са T € 
direction 
[e a 
(b) Да, A T S M 
NHCOCH2NH(C)Hs)2 + NaOH == NHCOCH,N(CH;, + H,O 
pK, = 10.7 Equilibrium pK, =15.7 
direction 
= + 
(c) {у ОН + (CH3; NH == (M О + (CH3 NH; 
pK, = 10 Equilibrium pK, = 10.7 
г 
direction 
\ `+ T: 
(d) ¢ N +  CH4COOH — 6 мн + CH;CO, 
K, = 4.8 К. =5.3 
pa Equilibrium | * 
direction 


(a) dimethylamine is more basic than methylamine because of the presence of two, rather 
than just one, methyl groups which are relatively electron donating (toward nitrogen). 


(CH,),NH > CH3NH, 
dimethylamine methylamine 
(b) aniline is more basic than p-fluoroaniline because in the latter compound the fluoro 


group attracts electron density away from the nitrogen due to its electronegativity, reducing 
the compounds basicity relative to aniline. 


Opn >» Оу 


aniline p-fluoroaniline 


216 


12.33 


12.34 


Chapter 12 Amines 


(c) aniline is more basic than diphenylamine because phenyl groups are relatively 
electron withdrawing from nitrogen, and two such groups reduces the electron density on 


nitrogen more than one. 
Qo > О-О) 


aniline diphenylamine 


(d) pyrrolidine is more basic than pyrrole. The former is a typical secondary amine 
whereas the latter is an aromatic system involving the lone pair on nitrogen, making it 


essentially non-basic. 
L3) > l 
N N 


pyrrolidine pyrrole 


(e) aniline is basic whereas acetanilide is neutral. The acetyl group in the latter is a strong 
electron withdrawing group, delocalizing the nitrogen electrons such that they are 
essentially unavailable for protonation. 


aniline acetanilide 


The withdrawl of electron density from the amine nitrogen through resonance with the nitro 
group decreases the electron density on the amine nitrogen and therefore makes the p- 
nitroaniline less basic than aniline. 


The key in the separation is to take advantage of the ability to convert water-insoluble 
N,N-dimethylaniline to its water-soluble hydrochloride salt, and then separate it from 
the water-insoluble benzene. 


ether 
layer 


Bz evaporate ether 
ether ee e benzene 


Benzene (Bz) 
N,N-dimethyl 
aniline (DMA)| H,O 
ether 


discard 
water 
layer 


aqueous DMA hydrochloride 


layer water 2. ether 


evaporate ether DMA 
Ч 


N,N-dimethylaniline ether ether layer 
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12.35 | 
H 
CH =e 
CH, S NHCH; CH,NH 
(R)-N-methy]-2-pentanamine (S)-N-methyl-2-pentanamine 


12.36 Two isomeric ammonium salts are formed in this SN2 reaction because the benzyl group can 


be attached to nitrogen with an axial or the equatorial orientation. In the ammonium salt 
the nitrogen atom is isoelectronic with carbon, and the geometry about nitrogen is the same 


as in carbon (sp? hybridization). Therefore, a cis- and a trans-isomer can be formed. 


ue И ССНз)з 


| а 
H 
Сансња _ СНз trans 
ME ось 
| ст 


12.37 The key to this separation is to separately convert aniline and phenol to salts (by addition 


and removal of a proton, respectively) which are water soluble and are thereby separable 
from the organic (ether) solution. Acetanilide cannot be converted to a salt so always 
remains in the organic (ether) layer. 


discard aqueous layer 


aqueous anilinum 1. NaOH 


aniline chloride 

phenol water керег aniline] evaporate 
acetanilid H,O layer ether ether 
ether 


layer aniline 


aqueous sodium phenoxide discard 
phenol layer water aqueous 
acetanilide layer 
ether ether 
layer 
phenol | evaporate 
acetanilide) evaporate ether ether 
ether ether йел 
acetanilide 
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12.38 
+ = 
(a) CjHNH, +  CHj(exces) ——B»- C,HsN(CH3)3 I 
(b CsHsCH2Br + МН; (excess) ——»- C6HsCH:NH2 
H 
c 
(c) CH, Е + NH; (excess) —— me CH; 
он“ н ? 7 C3Hg 
(R)-2-bromopentane (S)-2-aminopentane 
H,O + = 
(4) \ р + N(CH, —= HOCH,CH;N(CH, ОН 
О 
choline 
12.39 
* = 
CgHCH;NH, CI CeH;CH2NHCOCH; 
НС! CH;COCI 
pyridine 
x Н;СН:МН | 
сады. 
Les (excess) “Хаа 
+ = 
C;H,CH;N(CH3) I C,H,CH,NHTs 
12.40 


(a) CgHNH,; +  сњсос OH, с н.мнсосн, 


ІЈАІН, 
(b) CsHsNHCOCH3 —>^ C.gH;NHCH,CH3 


ridine 
(c) C» NH; +  C4Hs;COCI I C» NHCOC4H; 
(d) Cl - M NHCH; + Тас ОН СІ Ly N(CH, )Ts 
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12.41 


(a) (Ух сг (b) Cw Cr (c) E *cr (d) 
yos ex 


ON 
12.42 


A ! 
cut \- CN (9) ‚Жа = cr Oe св, Y Cl 


(g) 


Ona (0 e N(CH,» 
сн,—@_$- м=м—@_}- OH cu, \- N=N - M N(CH3)2 


12.43 (a) acetyl chloride (CH3COCI) and pyridine (or NaOH) 


CH4COCI 

(о SHS (Cy сосы, 
“oie 

aniline acetanilide 


(b) ethyl iodide and sodium hydroxide, or acetanilide (from (a)) with LiAIH4, The latter 
process is better because it avoids complications from poly-alkylation 


Да NHCOCH, N-ethylaniline 


acetanilide (from (a)) 


(c) nitrate acetanilide (from (a)) with HNO3/H2SO4, then remove the acetyl group with 
sodium hydroxide hydrolysis 


HNO NaOH 
NHCOCH; Tor ом МНСОСН» “но” ont X NH; 


acetanilide (from (a)) p-nitroaniline 
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(d) diazotize with NaNO? and HCI, then treat with KI 


NaNO: 
Or: зеш» | Oo] == On 
aniline iodobenzene 


(e) diazotize with NaNO2 and НСІ, then warm the aqueous solution 


NaNO 
aniline phenol 


(f) diazotize with NaNO? and НСІ, then treat with CuCN 


NaNO CCN 
Qo» те |Су) © (о 


aniline benzonitrile 


(g) diazotize with NaNO2 and HCI, then reduce with H3PO2 


(ома SNL [oz мю у 
aniline benzene 


(h) diazotize with NaNO2 and HCI, then treat with HBF4 


Да Mi ње &- as 
? на 2 E O- B 
aniline fluorobenzene 


(i) react with p-chlorobenzoyl chloride (СІС6НАСОСІ) to form the amide, then reduce the 
amide with ПАША 


| 
¢ У-хн, + а-с- У a ОН, NH – -с-Е Уа 


aniline 


N-p-chlorobenzylaniline 
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12.44 
VES C DH (a) сно \- nen У ОН 
NaNO, 
HCI 


cx Y- № cr — (у) 


(9) 


Cl 
Cl 


12.45 
CH3CH,COCI, МАЈА _ 
bli CU NHCOCH; NHC,H, 


NHCOCH, дін, NHCjH; 
—^ 


NH, 
А. CH;COC| 


pyridine 


NaN LiAl 
(с) CH;CH,CHBrC,H, — S» СН.СН,СНМ:С‹Н;: a CH;CH;CHNH;C&H; 


C4H,COCI LiAIH 
(d) [> NH, — 5 ——= [> NHCOGH, — — 3» — [> NHCH;C4H; 
eer 


NaCN BAT 
(e) Вг ——» CN — <> CH,NH, 
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12.46 


(a) Q oso VAN еж ШЕ = (xu 


СН»СОС1 Ch 
(b) (мн, BOS la: hats (= мнсосн, - Cl NHCOCH; 
3 


(from (a)) | 
a > 


KMnO HNO 
(c) C^ CH, e C^ COOH — COOH Fe 
H,SO, на! 


(T) coon 


HN 


KMnO; 
(d) C CH, Зы: onk Jc CH; Ја oe ом J СООН 
#,50, 


oO Se (ој зон Be (son E> 
#8504 37 H804 HCI Bet 


ом HN 
Br. 1. NaN. 
« (D Cpu — а C2 cpr LNN а. (> сенасОС 
5 hw НВг STAI. CHoNH; 
БАЊА 
снржнсњ- у === CH,NHCOC<Hs 


CH,CH,CH,CH,CH,Br 
(a) NH, (exces) — — — 3» СН; МН, 


12.47 


ПАН 
(b) CH;CH;CH;CH;CONH, ae C;H;; NH; 


NaCN LiAlH, 


NaN LiAIH 
(d CHBr ——» сну ——s CHINH, 
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1248 А: nitrate with НМОЗ/ 2504, then reduce the nitro group with Fe/HCI; B: de-activate . 
the amine by acetylating with CH3COCI and pyridine; C: brominate with Br2/FeBr3 


(with the acetamido group attached only mono-bromination will occur and will be ortho to 
the acetamido group, which is a stronger activator than the methyl group); D: hydrolyze 
off the acetyl group with aqueous NaOH; E: diazotize the amine with NaNO?2/HCI then 
heat the aqueous solution to drive off nitrogen and produce the phenol group. 


€ У сн, —^»- нч—@_$—сн, SB ue. сн.сомн—@ У— СН; 
ү 
Е р 
HO CH; ~€— HN СНз ~@—— CH3CON CH; 


Br Br Br 
12.49 
сн; ras СН 1. мамо С 
" Ô HNO; Fe HCI 
a 
HSO, НСІ 2. ЊО, А 
NO; NH, OH 
NO, NO, NH? 1. NaNO, С1 
HNO, Cl, НО а. 
* (b) —— 
но FeCl, CI no СІ заа СІ 
CH; COOH COOH 1. NaNO, COOH 
KMnO, _ HCl 
(c) 
2. HBF, 
NO, NO; NH, F 
(from (a)) 
NO, NO, NH, 
О жы” О == ao Q 
HO, rtv НСІ Вг 


12.50 


НСІ is added because of protonation to form а water-soluble pyridinium salt; 
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Chapter 12 Amines 


о @ 


benzene pyridine 
(b) the primary amine p-toluidine will react with acetyl chloride to form an amide which 
will precipitate, whereas the tertiary amine N,N-dimethyl-p-toluidine will not react 
since there are no hydrogens on nitrogen which can be replaced by the acetyl group; 


NH, N(CH), 
СН» CH, 
p-toluidine N,N-dimethyl- 


p-toluidine 


(c) benzylamine will dissolve in dilute hydrochloric acid due to protonation and salt 
formation, whereas benzamide is not basic to dilute HCl and therefore will not be 
protonated or dissolve; 


CH,NH, CONH, 
benzylamine benzamide 


(d) both 1,3-dimethylcyclohexane and 2,6-dimethylpiperidine are insoluble in water, but 
the latter will dissolve when dilute HCl is added because of protonation and salt 


formation. 


CH, CH, cH, N СН; 
1,3-dimethyl- 2,6-dimethyl- 
cyclohexane piperidine 


12.51 (а) ЗС-ММЕ spectra would distinguish benzene and pyridine because of a single peak for 
benzene but three peaks for pyridine; MS also would distinguish the two with benzene 
having a molecular ion at m/z 78 and pyridine having a molecular ion at m/z 79; 


(b) IR spectra would distinguish p-toluidine from N,N-dimethyl-p-toluidine because the 


former would show two NH stretching peaks near 3300 ст! and the latter would show по 
absorption in that region; 


(c) IR spectra would distinguisn benzylamine and benzoyl amide because the latter would 
show a carbonyl peak near 1700 ema; 
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(d) IR spectra would distinguish 1,3-dimethylcyclohexane and 2,6-dimethylpiperidine 


because the latter would show the NH peak near 3300 ст-1; 1H-NMR spectra also would 
distinguish the two using the NH absorption. 


А: HNO3/H2S0)4 to nitrate followed by reduction with Ее/ НС]; В: acetylation with 
СНЗСОСІ and pyridine; C: sulfonation with 503/Н2504; D: conversion of the sulfonic 
acid to the sulfonyl chloride using 5ОС12‚ followed by the amide-forming reaction with 
pyrrolidine [((CH2)4NH]. 


A B 
Сене 35 СсНМНЊ, | ——»  CgH5NHCOCH; 


С 


р 
$ -0,s_\—nucocn, —— ноз—{ \У—кнсосн, 


There are two things to recognize immediately regarding this synthesis. First, there is an 
iodo group on the ring which can be placed there only through the diazonium ion route. 
That means there must first be a nitro group placed where the iodo group is to be located. 
Second, the two halogen substituents are meta to each other, yet both are ortho/para 
directors. Therefore, at some stage a substituent must be placed on the ring which will 
direct an incoming electrophile to the meta position. The nitro group is the obvious 
candidate for this role as well. Therefore, in the synthesis the nitro group should be 
attached first and then the chlorine should be attached. Finally, the nitro can be 
converted to an iodo group. 


OB Ow. > (бео km Суз 
Н,504 FeCl, ? на 2 


CI 


к emt 
Он а Ove 
НСІ 
СІ СІ 
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12.54 
1. NaNO//HCI 
1 2- 908 => 
1. NaN5 АША 
фу CHBr 2 cH сша 
4HgBr > LiAIH; 4HgNH, “уйше C4HgNHCOCH; ———» C4,H9NHC3H; 
Br; NaN. ПАША 
(с) CgH,CH, ~> CgHCHoBr — ÀÓ» CHSCHN, —— == С,н;СН,МН, 
M 1. CH.COCI 
JEAN Pyridine >» 
o O кост С) 
(d) T 2 LIA ? 2. АШ, N 
Br l. 1 NaNOyHCI 
© ФУ мо, > NO 
? FeBr * dirt МН: > LHOA ^ Ех 
Вг Вг 
HNO 
* (f Фу cu — "T Fe > H сн 
3 Ho, ^? ва | 
KMnO, 1. NaNO;/HCI 
1X соон ——— 1 сњ 
2.KI 
12.55 


po^ P 


OH 
=“ С 

cno- уе 
SO3H 
ноѕ-0 VN; С —————- 


Sunset Yellow 
SOH 


12.56 А: Chlorinate with Cl2/FeCls then nitrate with HNO3/ H2504 


227 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


CI 
Ch HN HNO; S 
FeCl, CHO. 


B: Chlorinate again with Cl2/FeCl3 (the new chlorine will У аа ortho to the 
existing chlorine and meta to the nitro group) then reduce the nitro group to an amine group 


with Fe/HCl 
CI cl а 
Ch Cl Fe Cl 
FeCl, HCI 
NO, NO; 


NH; 


C: acylate the amine with propanoyl chloride (CH3CH2COCI) and pyridine. 


CI СІ 
C сн,сн,сос! © 
Se 
pyridine 
NH, NHCOCH,CH, 
Propanil 
12.57 
CH; CH; 
CICOCH;CI NH, 
NH, ——————— МНСОСН,С! 
pyridine excess | 
CH; CH; 
CH, CH; 
Ge NHCOCH;N(C?H3); <= C NHCOCH,NH, 
CH; lidocaine СНз 


12.58 Compound X (C7H7Br) has ап HDI of four, consistent with a benzenoid ring. The 1H-NMR 
confirms that it is a mono-substituted benzenoid system (5 aryl hydrogens at 7.3 ppm) and 
the singlet of area = 2 at 4.2 ppm means the structure probably is С6Н5СН2Вг. Reaction 
with sodium cyanide affords CcH5CH2CN (CgH7N) and the IR peak at 2250 cm"! for Y 
confirms the triple bond of the cyanide group. Reduction of the nitrile affords 
CeH5CH2CH92NH) (Z) which is insoluble in water and soluble in dilute acid. The 1Н- 


NMR shown is consistent with this structure for Z showing five aryl protons at 7.0 ppm, a 
doublet at 2.6 ppm for the CH? adjacent to the ring, a doublet at 2.7 ppm for the CH» next to 


228 


Chapter 12 Amines 


the nitrogen, and a singlet at 0.9 ppm for the NH2 protons. The IR peaks at 3350 cm’! аге 
consistent with hydrogens on a primary amine (Z). 


Да CHBr {у CH;CN (M CH,CH,NH, 
Y 


X Z 
12.59 
Br, NH; С» H4COCI 
(a) c NE ER ай — ЊЕ 
hv excess pyridine 
| Вг NH, C4H;CONH 
1. NaNO, 


HNO, Fe НСІ | 
(b) —» NO, ——> NH, ———» Фу с 
#50, HCl 2. CuCN 
NO, NO, М NaNO, OH 
О mr O в” O, em © 
c 
FeBr; вг НС! вг 2. ЊО Вг 
Вг NaCN i 
* (d) { Усы, — (у cups зак а Or eve 


CH;CH;NHCOCH EE СОС CH;CH2NH2 
2 3 pyridine 


12.60 The molecular ion of 121 for A leads to suspicion of an amine because of the odd number, and 
the 106 and 77 peaks lead to suspicion of the presence of a methyl group and a phenyl group. 
Solubility in HCl confirms A as an amine. The 1H-NMR indicates eleven hydrogens (11), 
which together with six carbons (72) for a benzenoid ring and a nitrogen atom (14) accounts 
for 97 units of the formula weight, meaning that the remaining 24 units probably represents 
two additional carbons, making the molecular formula CgH11N. The NMR indicates the 


compound contains a mono-substituted benzene ring (CgH5), the remainder of the molecule 
therefore being C2HgN. The UV spectrum peak at 264 nm is consistent with a substituted 
benzene ring, but not with a ring having a trivalent nitrogen directly attached. The fact 
that the NMR has singlets indicates that the two carbons cannot be attached to each other 
(i.e.; not a CH2CH2NH2 or a NHCH2CH3 group). Therefore, the only other possibility is a 
-CH2NHCH3 group which fits the NMR spectrum (singlet CH2, singlet CH3, and singlet 
NH). Thus, A appears to be CgH5CH2NHCH3. The IR of A shows а singlet NH at 3300 
ст“! as expected and the reaction with tosyl chloride adds confirmation. Oxidation with 
КМпО4 produces benzoic acid (CgH5COOH) as expected and the NMR is in agreement with 
that structure for B. Therefore, A is N-methylbenzylamine and B is benzoic acid. 
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N-methylbenzylamine (A) benzoic acid (B) 


CgHj1N in this question also is an amine as indicated by its solubility in dilute HCl. The 


MS peaks at m/z 106 and 92 indicate the fragmentation of a methyl and ethyl group, 
respectively, and the peak at m/z 77 indicates the presence of a phenyl group. The IR peak 


at 3400 cm”! indicates the presence of an NH group. The 1H.NMR spectrum indicates the 
presence of a phenyl group and the typical triplet-quartet pattern for an ethyl group. 
Therefore, the structure of the compound is CcH5SNHCH2CH3, N-ethylaniline. 


The retrosynthesis approach indicates the pyrrolidine-carbon bond should be formed last. 
That means the challenge is to place a halogen in a position В to the phenyl ring. However, 
it is the a-position in an alkyl side chain that is susceptible to direct radical substitution. 
Therefore, employ anti-Markovnikov addition to place a bromine in the B-position. 
Finally, recognize that the butyl side-chain can be attached using a Friedel-Crafts 
acylation followed by Clemmensen reduction. 


СзнСсос (y ZwH 
COCH,CH,CH, -£U" 8. 
(y ST АС, HEIDE Жаш {у CH2CH2CH2CH; 
МаОЕ‹ Вг. 
(у СН=СНС›н; -4—— — CHBrCH;CH;CH; NU 


hv 
mi 4 ју снаснвгон — X» 4 ју снснон 
ROOR 2 275 NaOH ? зз 
М 
Prolitane | ) 


The molecular ion at m/z 87 indicates it is an amine and the ММК singlet disappearing 
with D2O confirms this suspicion. The IR doublet peak at 3300 cm confirms the presence 


of an МН? group as does the relative area of 2 for the 1H-NMR singlet at 1.0 ppm. The 
МН? group of formula weight 16 means the hydrocarbon portion of the compound has a 
formula weight of 71 (87-16-71), consistent only with a formula СБН11 for an alkyl group. 
The ММК singlet at 0.9 ppm of area = 9 indicates the presence of a (CH3)3C- fragment and 
the remaining singlet of area = 2 at 2.4 ppm can only represent а CH? group attached to the 


electronegative nitrogen. Therefore, the compound is 2,2-dimethyl-1-propanamine, 
(CH3)3CCH2NH2. 


Chapter 12 Amines 


*12.64 Two separate transformation sequences are required, one to produce the amide and the 
second to produce the ethoxy group. Retrosynthetic analysis suggests the ethoxy group is 
obtainable from a phenol which in turn can arise from an amino group through the 
diazotization sequence. The amide group is obtainable by simply acetylating the starting 
amine. Consideration of the relative reactivity of substituents on an aromatic ring leads to 
the conclusion to develop the amide group first and then do a nitration which leads 
eventually to the phenolic group, to which can be applied a Williamson ether synthesis. 


NH; МНСОСНз NHCOCH; 
CH 
3COCI HNO, 
Н,50; 
aniline NO; Fe 
НС 
NHCOCH; NHCOCH; NHCOCH; 
NaOH 1. NaNO;/HCI 
-— —— — — — 
C2H;I 2. H20, A 
ОСН; ОН NH, 
Phenacetin 


| VII. Conceptual Problem 


Shades of Yellow 


textile designer was experimenting with different dyes. He found a substance that had a 
yellow color he liked, but the compound turned red in acid. Household ammonia restored 
the original yellow. The structure of the compound is shown in the here: 


Ш What is the molecular formula of this compound? 
* Ans: C44H14N3NaO35 


Wi Classify the amine group present in this compound. 
• Ans: It is tertiary. 


Ш What feature of this compound causes it to be colored? 


* Ans: Its long conjugated system of pi bonds and the nonbonding electrons on the tertiary amine 
group. 
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Ш What is the structure of this substance when dissolved in acidic solution? 
* Ans: 


№ The compound shown here is similar to one called Sunset Yellow (shown on page 369) that is now 
used to give margarine its yellow color. The yellow dye is also similar to Butter Yellow shown on 
page 425, formerly used to color margarine. What does this suggest about the impotance of the - 


SO3Na group in providing the color to the yellow dye? What is the approximate wavelength of 
the UV-VIS absorption you would expect for the yellow dye? 
* Ans: 


H 


[ 
FS 


The fact that Butter Yellow and the yellow dye have about the same color inidcates that the - 
SO3Na group has nothing to do with the color. Using the table of complementary colors (text, 
page 367) indicates that a yellow dye should absorb at about 400 nm wavelength. 
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|. Textbook Chapter Contents 


13.1 Nomenclature of Carbonyls 


13.1.1 IUPAC Nomenclature of Aldehydes 
13.1.2 IUPAC Nomenclature of Ketones 
13.13 Historical/Common Names 


13.2 Structure and Properties of Carbonyls 


13.21 Electronic Structure of the Carbonyl Group 
13.22 Chemical Behavior of the Carbonyl Group 
Nucleophilic Addition 
Protonation 
a-Hydrogen Acidity 
Oxidation of Carbonyls 
13.23 Tautomerism of Carbonyls 
13.24 Physical Properties of Carbonyls 
13.25 Detection of Carbonyl Compounds 
Spectroscopic Detection 
Chemical Detection 


13.3 Addition to Carbonyls: Simple Nucleophiles 


13.31 Reduction of Carbonyls 
Hydride Reduction to Alcohols 
Reduction of a Carbonyl Group to a 
Methylene Group 
13.3.2 Reaction of Carbonyls with Cyanide Ion 


13.4 Addition to Carbonyls: Primary Amines and 
Alcohols 
1341 Addition of Primary Amines 
13.42 Addition of Alcohols and Thiols 
13.5 Addition to Carbonyls: Carbanions 
13.5.1 Addition of Grignard Reagents 
13.5.2 The Wittig Reaction 
13.6 Preparation of Carbonyls 


13.61 Review of Methods Previously Presented 
Oxidation of Alcohols 
Friedel-Crafts Acylation 
Ozonolysis of Alkenes 
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13.62 Aldehydes from Acid Chlorides 
13.63 Ketones from Acid Chlorides 


13.7 Important and Interesting Carbonyl Compounds 


' his chapter introduces the family of compounds which contain the carbonyl (С=О) group, 
known collectively as carbonyl compounds. Aldehydes (which contain at least one hydrogen 
attached to the carbonyl carbon) and ketones (which contain no hydrogens attached to car- 

bonyl carbon) are two sub-sets of carbonyl compounds. They are considered together because most 

of their reactions are identical and are a result of the presence of the carbonyl group. This chapter 
also introduces the third reactive intermediate of organic chemistry—carbanions. 


И. Learning Objectives 
* Be able to name aldehydes and ketones using the IUPAC system. 


* Know the common names of simple and frequently encountered aldehydes and ketones. 


* Know the electronic structure of the carbonyl group and use this information to understand the 
general chemical behavior of the group: (a) its susceptibility to nucleophilic attack at the carbonyl 
carbon; (b) protonation of the carbonyl oxygen; (c) the acidity of an a-hydrogen and the stabiliza- 
tion of the resulting enolate anion. 


* Write the enol form of aldehydes and ketones and by equations show the phenomenon of 
tautomerism. 


* Write equations for the oxidation of aldehydes to carboxylic acids. Be able to use this reaction, as 
well as spectroscopic information, to distinguish between aldehydes and ketones. 


* Understand the mechanism for nucleophilic addition reactions to carbonyl groups. 


* Write equations for the reduction of aldehydes and ketones to primary and secondary alcohols, 
respectively. 


* Write equations for the reactions of carbonyl compounds with amines to form imines, and the 
hydrolysis of the latter back to starting materials. 


* Write equations for, and know the mechanism for, the acid-catalyzed reactions of carbonyl 
compounds with alcohols to form unstable hemiacetals, and continued reaction to form stable 
acetals. Know the use of acetals to protect the carbonyl group, and subsequent de-protection 
using dilute acid. 


* Write equations for the reaction of carbonyl compounds with organolithium compounds and 
Grignard reagents to form alcohols. Be able to use this reaction in designing syntheses of alcohols. 
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* Write equations for the reaction of carbonyl compounds with phosphonium ylides to form alkenes 
(Wittig reaction). 


* Write equations for the preparation of aldehydes by the PCC oxidation of primary alcohols. 
* Write equations for the preparation of aldehydes by the reduction of acid chlorides. 
* Write equations for the preparation of ketones by the oxidation of secondary alcohols. 


* Write equations for the preparation of ketones by the reaction of organocuprate reagents with acid 
chlorides. 


• Be able to determine the structure of unknown aldehydes and ketones based on chemical and 
spectroscopic information. 


* Be able to devise multi-step syntheses of organic compounds involving carbonyl compounds as 
reactants or products. 


| Glossary 


acetal a compound of general formula R,C(OR’), formed from a carbonyl compound (R,C=O) and 
an alcohol (R’OH) under acid catalysis. Acetals also can be formed from hemiacetals 


acyl group the RCO- or ArCO- group 


aldehyde a sub-family of carbonyl compounds in which at least one hydrogen is attached to the 
carbonyl group. The general structures are RCHO and ArCHO 


alkanal the IUPAC general name for aliphatic aldehydes 
alkanone the IUPAC general name for aliphatic ketones 


carbonyl compounds a family of organic compounds which contain the carbonyl group in two 
sub-families, aldehydes or ketones 


carbonyl group the C=O group which appears in carbonyl compounds, carboxylic acids, and 
derivatives of carboxylic acids 


cyanohydrin a compound of general structure К,С(ОН)СМ which results from the addition of 
HCN across a carbonyl group 


2,4-dinitrophenylhydrazone a kind of imine [R,C=NNHC,H,(NO,),] formed by reaction of a car- 
bony] compound with 2,4-dinitrophenylhydrazine [H,NNHC,H,(NO,),], abbreviated 2,4-DNPH 


dithioacetal an acetal in which sulfur has replaced oxygen, usually formed from a carbonyl com- 
pound and a thiol 


enol а compound with an -OH group attached to a carbon which is part of a carbon-carbon double 
bond [-C2C(OH)-] 
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enolate anion the resonance stabilized anion which results from removal of a proton from an enol 


enolization the conversion of an aldehyde or ketone into its enol through a tautomeric shift of a 
hydrogen 


formyl group the -CHO group 


hemiacetal a compound with the general formula R,C(OR’)OH formed from an alcohol (К'ОН) and 
a carbonyl compound (R,C=O) under acid catalysis 


hydrogenolysis the cleavage of a bond with molecular hydrogen, a hydrogen atom being added to 
each fragment in place of the bond 


imine a compound with a R,C=N-R’ group usually formed from reacting a carbonyl compound 
(R,C=O) with a primary amine (R’NH,) 


ketone a sub-family of carbonyl compounds in which two carbon atoms are attached to the car- 
bonyl group. The general structures are R,CO, RCOAr, and Ar,CO 


ketonization the conversion of an enol to an aldehyde or ketone through a tautomeric shift of a 
hydrogen 


nucleophilic addition the addition of a nucleophile to a multiple bond, usually a carbonyl group 


oxime a kind of imine (R,C=NOH) resulting from reaction of a carbonyl compound with 
hydroxylamine (H,NOH) 


semicarbazone a kind of imine (R,C=-NNHCONH,) resulting from reaction of a carbonyl com- 
pound with semicarbazide (HJNNHCONH,) 


tautomerism the mobile equilibrium between enol and carbonyl forms of an aldehyde or ketone 
tautomers an enol and a keto form of a compound, which are constitutional isomers 
thioacetal the sulfur analog of an acetal [R,C(SR’)] 


transamination the conversion of an imine into a carbonyl compound with concomitant transfer of 
the released amine to form a new imine in reaction with another carbonyl compound. In other 
words, the exchange reaction between an imine and a carbonyl compound 


Wittig reaction the reaction between a phosphonium ylide and a carbonyl compound to forman 
alkene 


ylide a class of compounds used in Wittig reactions with carbonyl compounds. The major group of 
ylides are phosphonium ylides of general structure (С.Н;);Р=СК, 
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Ў VII. Solutions to Problems 


For "How to Solve a Problem," review pages 450, 457, 468, 474, and 481. 


13.1 


13.2 


13.3 


13.5 


(a) CH3CH,CH(CH3;)CHO ог a 26 (b) XO 


Br 


(c) = CHO (d) ом \- CHO (е) СН;СН,С== ССНО 


(а) 2-methylpropanal; (b) 4-methylcyclohexanecarbaldehyde; 
(c) trans-5-methyl-2,4-hexadienal or 5-methyl-2E,4-hexadienal; 
(d) 3-methoxybutanal; (e) m-ethoxybenzaldehyde; (f) 2-cyclopentenecarbaldehyde. 


О CH, CH; 
(а) CH;CH,COCH,CH, or «JL 7 (b е; CH, 
« МММ 


О 


(а) 3-phenyl-2-butanone; (b) 1,4-репїайїеп-3-опе; (c) 3-fluorocyclohex-2-enone; 
(d) 7-(N-methylamino)-5-octyn-2-one. 


(a) <> сос œ onk соси, © сном Y сно 
i | | 
(4) > С < (e) (у C Lyi ( | CH,CH,COCH;CH, 
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H 

o [eo 
| 

@ CH—C— CH, === CH,—C=CH, 


,H 


| ? 
(D  CH,CH;:CH;gz C—H =  CH4CH;CH— C— Н 


(c) (Уо == ( )-он 


(d CH,— C= CH—C—H ===  CHQ—C—CH-C-—H 


There are several other aldehydes which fit the experimental observations. Two of those 
are cyclobutane derivatives, cyclobutylethanal (A) and 2-methylcyclobutanecarbaldehyde 
(B). These two compounds and cyclopentanecarbaldehyde (C) could be distinguished using 


ІН-ММЕ spectroscopy (key distinguishing features are the number of hydrogens с to the 


carbonyl group (B & C vs A) and the presence of a methyl group in B) or I5C-NMR 
spectroscopy (A has five different carbons, B has six different carbons, and C has four 
different carbons). 


HG CHO 

ФЕ CHO 
CH, 

A B С 


C4HgO has ап HDI of one and this is accounted for by a carbonyl group which the IR (1700 
ста^1) indicates is present. There are only three possible structures - two aldehydes (butanal 
and 2-methylpropanal) and one ketone (2-butanone). Consideration of the area ratios in the 


1H-NMR and the known number of hydrogens (8) the peak areas can be seen to represent 3, 2 
and 3 hydrogens, typical of two different methyl groups and one methylene group. The 
triplet-quartet pattern is typical of an ethyl group. The absence of an aldehyde hydrogen 


rules out the two possible aldehydes. Therefore, the !H-NMR is consistent with the 
unknown structure being 2-butanone (CH3COCH?2CH3). 
This isomer of С4Н8О must be one of the aldehydes mentioned above (1-butanal or 


2-methylpropanal) in view of the 1H-NMR peak at 9.5 ppm. The doublet for the two 
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methyl groups clearly indicates the presence of an isopropyl group [((CH3)2CH-], the 


methyl peak being split by the methinyl hydrogen. Therefore, the structure of this isomer is 
2-methylpropanal, (CH3)2CHCHO. 


13.10 
NaBH, 
(a) Br- X- сно —— а ad y CHOH 
Џ NaBH 
o О MEM 
Џ NaBH, _ 
©) [>с < CH < | 
13.11 
NaBH, 
(a) CH3;CHO ——»- CH,CH,OH 
ethanol 
O OH 
| NaBH, | 
Зо cue aO 
diphenylmethanol 
BEBE. 
(с) (он 
2-cyclopentenol 
13.12 


o O BLL Су ось а (СУ. 
асу кан, Сане 
NaBH HSO 
(b) C o. са и as er uii Pm Q 
А 


C6H5 Cs Hs СН 
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13.13 
(a) (о = а CN НОО Qvo 
OH Mic ce 
oH OCHs 
N 
(b) {ско EN {Усинск ыл eer CHCN 
HCN 2. СНЈ 
a 
( \- CHCH;NH, ~ EP 
13.14 
CH,NH 
© Oro + О — Om 
(© CH,CHO + Hani- Y- NO, — сньсн-ммн-{ Y- NO, 
13.15 
Ht 
(a | CgHSCH?CH-NC&H; 0° CsHsCH,CHO +  C,H;NH, 
H* 
(b) [>= ncn, —— =o + HNCH; 
H,O 
ММН, [0] 
H* 
© A ao + НМ 
13.16 
C3H5OH OC3H; 
a TO 
@ Co бен. 


HSCH,CH,SH 
ПА SHH куш 
H* ч 
OE P oe dH. 
OCH, ЊО (ro + CHOH 
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13.17 


Hum. H, 
CHO {У сн d Е Да 
ч) ая Вамі em 
о А 
HSCH,CH,SH | H, 
(b) O: ee C s-s — CH, 
Ht | RaNi 


13.18  Retrosynthetic analysis of the desired product, 2-phenyl-2-butanol indicates that there 
are three possible combinations of ketones and Grignard reagents from which it could be 
obtained. The second and third shown below are the two methods in addition to that 
shown in the example problem. 


= CH;CH,COCH; + С;Н;МеВг 


CH4CH;C(CgHS(OH)CH, ===> CH3CH2COCsHs + СНУ 


“ CsHsCOCH; + — CH,CHiLi 


13.19 
1. CH3CH;CH2MgBr 
(а) СеН5СОСНз ——————————— СНзС(СН5)ОН)СН:СН:СНз 


+ 
2. HHO 2-phenyl-2-pentanol 


1.CHMgBr _ он H8O. 
(b) ФЕ Сус жек ФЕ 
2. НН 3 А 


1-methylcyclobutene 


1. C4H;MgBr Na)Cr)O 
(с) CH,CHO —————» idis dí = 
T 2. H*/H,0 D H,SO, UY. 


OH 


l. CoHsMeB| 
ыч 2. НН. 


3-methyl-3-hexanol 
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13.20 
OH 
1. CH3MgBr | Na CrO; 
(a) 4 \- сно Ела дш за НЕ { У снсн, = 4 У сосн, 
2. НУНО HS0, 
OH 
| 1. CH,MgBr 
€ У ссњ, 
; 2. H*/H,O 
OH 
KMnO, o 1. C9HMgBr To 
b e AN 
(b) И 2 HHO 
он 
н›$О, 
б ae uso. | 
A 
1. CH,MgBr OH 
«o Quo i9, (уон маг зш 
2. НО CH, A 
OH 
KMnO, Се 16 
groom СНз 773 H,0// NaOH 
CH; 
13.21 
4 C4HoLi ay CsHs;CHO 
+ CyHoLi ke o 
(b) (CgHsP-CH9CH4 ————»  (CgHs)sP-CHCH; ———> (_» СНСН, 
13.22 
+ 1. C4HgLi 
(a) савурснсвсн, —— ——9 Y^ ~~ 
2. У=о 
2-methyl-2-pentene 
* 1. CyHoLi 
(b) (сврси | ———— —n Qua, 
К о methylenecyclobutane 
+ 1. C4HgLi 
(с) (C,Hs),P-CH,CH=CH, ——————>—  C,H,CH-CH-CH-CH, 
2. СН5СНО 


1-phenyl-1,3-butadiene 
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13.23 
1. SOCI 
(a) а- У соон ——————» a- y CHO 
2. LiAIH(OBu'); 
(b) Br 
Ф; 2 ФЕ: 1. МаСМ он 
һу 2. НУН.О 
1. $ОСЬ | 
CHO 
2. LiAIHB(OBu, 
13.24 
снсоон SOC! TH 1. CH,MgBr ae ee 
== ———— 
(а) ters 2. (C;H);CuLi see 2. НО 
СН; 
KMnO 1. SOCI 
(b CHCH ———3— C,H,COOH ———*—— = GH,COCH; 
A 2. (CH,),CuLi 
сно NOx. cH,CH,COOH А (CH4CH3,CO 

(Оњо эс? 2. (GHs)2CuLi EC 

13.25 


(а) CH4CH;CH,COCH, (b) hod did (c) > сно 
HO 


H 


нум \- CHO (9 oa У COCH, (f 
HO E 


S 
C2H;* 


(d 


мі 


CHO 


(в) CH,COCH, (h) CH,CH;COCH(CHg; (i) СеН;СОС;Н; @) CgHsCHyCOCsHs 


13.26 (а) p-nitrobenzophenone; (b) ethyl isopropyl ketone ог 2-methyl-3-pentanone; 
(c) cyclohexa-2,5-dienone or 2,5-cyclohexadienone; (d) 5-hydroxypent-3-enal or 
5-hydroxy-3-pentenal; (e) dicyclopropyl ketone; (f) Z-3-methyl-2,4-pentadienal; 
(g) m-t-butylbenzaldehyde; (h) 2-ethylpentanal; (i) cis-3,4-dihydroxycyclopentanone. 


13.27 
(a) | CH5zZCHCH;COCH; (D CgHsCH,COCH,CsHs (с) СН5СЊСНО 


4-penten-2-one 1,3-diphenylpropanone phenylethanal 


(d) (CH44CCOCH;CH; (е)  CH;-CHCOCH-CH; 


2,2-dimethyl-3-pentanone 1,4-pentadien-3-one 
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(a) there cannot be a ketone at carbon number one - the compound would be an aldehyde. 
The correct name is butanal. 
CHCH;CH; CHO 


(b) cyclopentanal implies a five-carbon compound. When there is an aldehyde group on a 
cyclopentane ring (a six-carbon compound) the compound must be designated as 


cyclopentanecarbaldehyde; 
© CHO 


(c) propionaldehyde is not a IUPAC name. The correct name is 2-phenylpropanal. 
CH3CH(C6H5)CHO 


(d) the position of the methyl group must be designated. 


ÁN 
ae Ly CHO 


(e) there are no cis-trans isomers in propenal because of the two hydrogens on the terminal 
methylene group. The correct name is propenal. 


CH;2CHCHO 
(f) the keto group takes priority in the numbering, so the correct name is 3- 
hydroxycyclohexanone; 
Di 
HO 


(g) the ketone group has not been assigned the lowest possible number. The correct name is 
5,5-dimethyl-3-hexanone. 


(CH3)3CCH,COCH,CH3 
The boiling points increase in the order pentane < butanal < 1-butanol which is the order 
of the amount of energy required for dissociation before vaporization. There is no hydrogen 


bonding in pentane, there is slight dipole-dipole association in butanal, while there is 
strong hydrogen bonding in 1-butanol. 
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13.30 


(à CH,CH(OCH,), (Ф) CH,CH-C(OH)CH, (с) CH,CH(OH)OCH, 


an acetal an enol a hemiacetal 
ON 
(d  CH,CH-NNH NO, (e) CH,CH-NCH, © CH;CH(OH)CN 
2 3 3 
a 2,4-dinitrophenylhydrazone an imine a cyanohydrin 


13.31 The o-hydrogen of propanal is slightly acidic because the resulting anion, which is а 
resonance stabilized enolate anion, is relatively stable. The adjacent carbonyl group 
provides opportunity for delocalization of the negative charge onto the oxygen, an atom 
which is electronegative and is "comfortable" being an anion (recall alkoxides). 


i T H i n :0: 
а о вани ——»  CH,—C—C—H -—- сњ—С=<С—н 


"OH = 
H Е 
~ enolate anion 


13.32 The most stable enolate will be that which has the most stabilized double bond. Recall 
that the higher the substitution on a double bond the more stable it is (see Section 6.2.3). 
Therefore А is more stable than B, and C is more stable than D. 


OH OH 
(a) =o = D—6—. = »—6— 
Ж B 


13.33 The Tollen's silver mirror test (oxidation with ammoniacal silver nitrate) would be 


positive with an aldehyde but negative with a ketone. The use of 1H-NMR also would be 
conclusive because of the unique appearance of an aldehyde proton near 9.5 ppm. 
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13.34 The IR indicates the compound has a carbonyl group which has a formula weight of 12 + 16 
= 28. Therefore, the remainder of the molecule must have a formula weight of 72 - 28 = 44 
which is satisfied only by .C3Hg and the molecular formula therefore must be CAHgO. 


Since the ІН-ММЕ shows а peak at 9.5 ppm the compound must be an aldehyde, meaning 
there are only two possible structures, CH3CH2CH2CHO and (CH3)2CHCHO. The MS 
data is consistent with both structures, indicating the presence of a methyl group. The area 
ratios of 6:1 and the splittings (doublet for methyl and multiplet for methinyl hydrogens) 
clearly indicates the compound is 2-methylpropanal, (CH3)2CHCHO. 


13.35 The removal of the а -proton from (R)-2-methylbutanal, (which is chiral) forms an enolate 
anion which has a plane of symmetry and therefore is not chiral. When the planar enolate 
anion is re-protonated in the equilibrium the proton may return to the top or bottom side of 
the planar enolate anion. Thus, there is equal probability of forming the R- or 5-2- 
methylbutanal and the resulting 50/50 mixture is a racemate. 


H 


CH; т. CHO 


а C2H5 
H TEN (R)-2-methylbutanal 
OH CH; A, .. 
сн. == | сн, HO 


C2H5 HOH 2 CHO 


CH; md 
(R)-2-methylbutanal enolate anion 


H 


(S)-2-methylbutanal 


13.36 
CsHsCHOHCH CeHsC(OCH3);CHs CeHsCH;CH; 
NaBH, Тсн;он Zn(Hg) 
Н,50, НСІ 
(а) ® (с) 
(d (e (f 1. HSCH;CH;SH 
H,SO, 


NaCN CsHsNH2 2. Ho, RaNi 


CeH3C(OH)(CN)CH; CHsC(CH3)=NCsHs CsHsCH,CH; 
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13.37 
20 
C4H;COOH C3H,;CH=NCH; C3H7CH__ о 
HO 
Ag(NH;);* Снн» | 
HO 
(а) (b) © H350; 
C4H;CHO 
(d) (e) © 
NaCN NaBH, HNO; 
C;H7CH(OH)CN C3H,CH,OH C4H;COOH 


*13.38 In a homologation reaction a carbon must be added and use of the cyanohydrin addition 
accomplishes that goal. What remains is manipulation of the functional groups: 
(a) hydrolysis of the cyano group to a carboxyl group, (b) removal of the hydroxyl group 
(dehydrate to an alkene then hydrogenate to an alkane unit), and (c) reduction of the 
carboxyl group to an aldehyde group. 


C H'/HO 
C,H,CHO —_ C,H;CH(OH)EN ———=з»  C,H,CH(OH)COOH 
Њ50, 
А 


1. ОСІ, H,/Pt 
C,H,CHO -«——————— CHCOOH —2—— С,Н;СН=СНСООН 
2. LiAIH(OBu'); 


13.39 The transformation requires only replacement of the carbonyl group by a methylene group 
(replace a formyl group by a methyl group). This is accomplished by thioacetal formation 


and hydrogenolysis. 
а! 
C;H,CH;CHO AST a CHCH K : d 99 С6Н5СН»СНз 
5-772 Н,504 675-7727 7N S RaNi 
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13.40 
Н,504 
(а) (У о + CHOH OC2Hs 
OC2Hs 
OH /ОЊ — но, О. Cas 
(b) CX * = ^ «X 
OH ~ CH; О СН; 
HS Н,50, 5 
(с) ¢ “У сно + » CeHsCH, 
HS 
HO 
á о H,SO Ho о 
®© H OH 224 H 
86 + Свон —— —- НОС OCH; 
OH OH 
B-gluco-D-pyranose methyl B-D-glucopyranoside 
(a hemiacetal) (an acetal) 
13.41 
СНзО OCH, (0) 


H‘7H,0 
OE WM ттш АДА сн а РОН 
H*/H,O | 
(b) = ын о: py = HO(CH,),CHO 
OCH, -CH,0H CHO 

о H*/H,O HO 
© CX J булн о + 
o HO 


13.42 The aldehyde group of propenal must be protected during the oxidation of the alkene group 
to a diol. This is accomplished by formation of an acetal. De-protection is accomplished 
using acid catalysis. 


HO о 
СНу=СН-СНО + | ESO CH,-CH.-CH й 
НО ~ о 
KMnO, 
cold 


H*/H,O _O 
HOCH,-CHOH-CHO + HOCH,-CHOH-CH | 
~ 
О 
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(a) The Tollen's test with ammoniacal silver nitrate will be positive with benzaldehyde 
but not benzyl alcohol, forming a silver mirror. 


СН;СНО +  Ag(NH5' —M  C,H,COOH + Ар°ў 


(b) 2-Hexanone will react with 2,4-dinitrophenylhydrazine to form an orange 
2,4-dinitrophenylhydrazone which precipitates. 


CH3(CH2)3\ H,NNHC,H,(NO,),  CH3(CH2)3s 
/С=0 Mi алалар Ad T ‚с = NNHCSH4(NO2y | 
CH; CH, 


(c) Methyl vinyl ketone will react with Br2/ ССЦ, leading to decoloration of the reagent, 
whereas cyclobutanone will not react. 


Br/CCl, 
CH,-CH-COCH, —— —» 


BrCH;CHBIrCOCH; 


(d) Pentanal will react with the Tollen's reagent to form a silver mirror but 3-pentanone 
will not. 


Ag(NH3) 


a 
CH,CH,CH,CH,CHO ———— > CH,CH,CH,CH,COOH + Ag 


With carbonyl reagents glucose will react in its aldehyde form which is in equilibrium 
with the cyclic hemiacetal forms (0- and B-glucose). 


OH о 
H H H OH 
DE H он — H OH 
Ho——H © === HO H (а) —» но H 
н— oH нон нон 
H H OH H ОН 
OH glucose OH OH 
(4) (с) (b) 
Сунон NaCN C H,NH, 
H,SO, 
NC4H 
" осун; СМ H 615 
е ут H OH H OH 
© H OH HO H 
HO H HO H e 
H 
H OH H OH 
H H OH 
H OH 
OH 
OH OH 
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13.45  4-Hydroxypentanal has the hydroxyl group located in a position favorable for formation of 


13.46 


13.47 


a five-membered hemiacetal ring. Therefore, in preference to forming an ordinary acetal 
this compound forms the relatively stable five-membered cyclic hemi-acetal which then 
reacts with methanol to form an acetal. 


"i — CH; OH —— M CH; о ОСН» 


о CH;0H 
hemiacetal acetal 


CdNH, —» (F NCH; 
CHNHNH, —» (= NNHC4H, 
Н,МОН —> (e мон 
(Оро — Qe) 

1. CeH5M OH 
(a) (Уо 1. CoHsMgBr (CX 

2. НУНО es 

l. l.CeHsMgBr.— 
b ¢ У- сно Obi C,H 
d 2. нню ® Өзә 
1. 6Н5МеВг 


(с) НСО ———— > C,H;CH 
2 2. HHO 6Н5СН2ОН 


(d) \/ ЈЕВ CHN LAY ae 


S ue 
© © 
+ + 


= © 
о © 
+ + 


LEMO ® 
он 
1. 6Н5МрВг 
(e) cmo y- сосн, ЗМЕИ». сњо– \- с-сњ 
2. H*/H,O | 
CH; 
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* ES 
(a CH4CHjBr + (С6Н5)3Р = (CgH34P-CH;CH;, Вг 


t - Bui ge 
(b) (CgHs)P-CH2CH3 Br ——s (С‹Н5)зР-СНСН; 


de cn 
(c) {о +  (C6Hs)3P-CHCH; ———= { )- снсњ 


РЕДУ 
(a)  CgH;CHO + (СӘН$УзР-СН; —— a 


‚= 
H,CO + (C¢Hs),P-CHC,Hs ie 


C,H,CH=CH, 


+ — 
(b) CH,CH,CHO + (CeH55P-CHCH; 
Ty (0 < CH,CH,CH-CHCH, 


+ — 
CH;CHO + — (C¢H,)P-CHCH,CH, p edidi 
T — 
(с) CH,CH,CH,COCH, + — (CsHs)sP-C(CHj)) — p 


2 
+ - 
CH,COCH, + (CsHs)3P-C(CH3)CH2CH2CHs Lao 


(d CQH,CHO + (C6Hs)3P-CHCgHsNO2(p) — 


agen; 1. Н,С=О 
(а) Фани Co ves D e CHOH 
2. НВО 


1. ether 


b) CHMgBr + cm coca 19 >» (CH,)COH 

Аз 37 75 онн, " 

(с) CH,CH,COCH, + C,H,MgBr DEC CH,CH,C(C,H;)(OH)CHs 
£ 2 


(Note: In the following equations the group C4Hg- represents the n-butyl group, 
CH3CH2CH2CH?-) 
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a) 


b) 


g) 


h) 


о) 


р) 


C,H4CHO 
C,H4CHO 
C,H4CHO 
C4H9CHO 


C,H4COCI 


C,H4COCI 


САНАСНО 


+ = 
(CgH4P-CH, Вг ——— — —» 


C,H4CHO 


C,H,CH _ 


C4H4CHO 


C4H4CHO 
C,HyCHO 


C4H4CHO 


C4H9CHO 


a 


ON | О; 
+ BANI. )- NO, —  C,H,CH-NNH NO, 


NaBH, 


сна 
— C,H,CHOHCH, 
HNO, (e) SOCI, 


АС 


+ (C)H,),CuLi ———9 C,H,COCH, 


* С($Н5МрВг 
1. BuLi 


— С;Н:СНОНС;Н; 


C,H CH=CH, 


Ex 
CHCH Е 


Н, | 
——» CH,(CH,).CH 
Rani з(СН,)зСН; 


2. С,НУСНО 


HS H,SO, 
HS 


KMnO, 
———- C4Hg9COOH 


С;НуСН=МСН; 


+ НМОН 33 С.НСН=МОН 


аем C4HgCH(OH)CN 
HCN 4HgCH(OH) 
Na;Cr;0; 
C,H,COOH 
#80, TL 
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Na?Cr,0; 
a) CH;CHOHCH; —————»  CH;COCH; 

H,SO, 

е 

Na,Cr,0, (СеН;):Р-СНСН; 
b) CH3CHOHCH; Ex d CH,COCH, — — — —39»  CH,C(CH3)-CHCH, 

29 V4 

HNO, 1. ЗОСІ, 
с) CgH,CHO ———À9» C,H;COOH —————— СН;СОСН; 
2. (СНз) Сш 


Br Na,Cr 
„ O ој Me (О-о BE Oe 
hv H,SO, 


о 
HNO; 1. SOC i 
e) ( У- сно — ( У- соон л NM. Су с- Y 
2. [01 CuLi 
2 


PBr i 
0 снюн — > GHBr — (C;Hj,CuLi ECOC yt, COC DH; 


HNO 1.$ 
8 CH,CHO — > CH,COOH —————»> COCH; 


TO 
2. OF CuLi 
2 


в) СЕН о CHs-CO-CsH 
«Не ——— —— -СО- 
* АС peores 
. 1. C3H;MgBr 
i) cH,cH,cHoH ЕС снсно ————— C;H,CHOHCH, 


2. H*/H,O 


This is a typical synthetic problem that appears to involve moving a functional group, in 
this instance a carbonyl group. Of course, there is no means of accomplishing this directly. 
This change almost invariably means considering Markovnikov vs anti-Markovnikov 
addition to an alkene for the solution. 


The carbonyl group can be reduced to an alcohol which can be dehydrated to an alkene. Re- 


addition of water with the opposite regiochemistry produces an isomeric alcohol which 
then can be oxidized to the desired carbonyl compound. 
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NaBH, H,SO, 
CsHsCOCH,CH; ———™ C4H;CHOHCH;CH, ———3»- C H,CH-CHCH, 
propiophenone А 
Na,Cr,0, 1. a 
C,H,CH,COCH, -«——— CgH;CH;CHOHCH; 
H,S0, 2. ЊО, 
1-phenyl-2-propanone NaOH 
13.54 
HS Сен СН „5 Н, 
us ZN a C «Н 5СН 2CH,CH, 
Сен5СН» в? CH; 5 
с=о 2504 
сна нп 
н 
: iE CHsChh „ОН но, 
4 ys — — > | сенеснеснсњ, 
13.55 
CH 
(à CH,CH,OH и CH;CH(OGHs), 
H2S 4 
1. Mg/ether 
(b+) сєн,сьвг —2(СНУ;СНСНО_ сн CHCH(OH)CH;C4H 5 
3. H*/HjO 
О NC&Hs 
(c) g~ C6HsNH2 
— 
о H*/H,0 
o OQ 28% Сре 
о 
13.56 


+- 
(а) CH4COCH, +  (CgHj,P-CHCgH, ——J9- C,HsCH=C(CH3), 


oO Be Ow SR Oct ice Oa 


Вг. 1. Mg/ether 

(c) (CH3);CH —À = (CH,),CBr ae (CH; );CCH,OH 
hv 2. С=О 
3. H*/H,O 


Вг; Mg/ether L.C ) о OH 
(O CH, — = сна ———— Cdi MgBr ———» CX 
FeBr3 2. H*/H,O C,H, 
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13.57 


1. BuLi 


+ Е 
Ў -СН= Вг 
(С«НзР-СН2-СН=СН2 2. CHsCHO 


CH, CH-CH-CH-CH; 


T _ . 
(СЕНОР-СН СЕН Вт рш 
2. CH;-CH-CHO 


13.58 


(a) CHjMgBr + (CH,),CHCHO~, 


(CH3;CHCHOHCH; 
(CH4;CHMgBr + СЬСНО 2m 


(b (CHj,CMgBr + H,CO ——> (CHj);CCH;0H 
(c) ММС + C,H;MgBr 
О 
a + C4H;MgBr —— = 


: " d Ho СУН; 
~ + C4HoMgBr 


о 


13.59 


NaBH 
(à CH,COCH(CH,), ———*3> CH,CHOHCH(CH;), 


NaB 
(b) (CH3);CCHO „Марш у, (CH3);CCH,OH 


(c) This tertiary alcohol cannot be made by a reduction reaction. Only primary and 
secondary alcohols can be made by reduction of carbonyl compounds because, by definition, 


only such alcohols have at least one hydrogen (which is provided by the reducing agent) on 
the alcohol carbon. 


13.60 


HBr (CgHs)3P + = 
CH4CH;0H —  CH4,CHjBr (ERE, (СєН;)зР-СН›СНз Вг 


| BuLi 


күн 
(C,H;),P-CHCH; 


pS 
(CgHs)3P-CHCH; + CeHsCOCH3 — 2 СН:С(СН5)=СНСН; 
2-phenyl-2-butene 


257 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


13.61 
(a) the Tollen's test with ammoniacal silver nitrate will distinguish between acetophenone 
and benzaldehyde by oxidizing the latter to benzoic acid and precipitating the reduced 
silver as a mirror. 


(b) sodium metal will distinguish between cyclopentanone and cyclopentanol by producing 
bubbles of hydrogen from reaction with the hydroxyl group of the latter. 


(c) Br2/CCl4 will distinguish between cyclopentanone and cyclopentene by adding to the 
double bond of the latter, causing the color of bromine to disappear. 


(d) the Tollen's test with ammoniacal silver nitrate will distinguish between 3-pentanone 
and pentanal by oxidizing the latter to pentanoic acid and precipitating the reduced silver 
as a mirror. 


13.62 


(a) 1H-NMR would distinguish between acetophenone and benzaldehyde most simply by 
the observation of a singlet peak near 9.5 ppm for the latter indicating the presence of an 
aldehyde hydrogen. 


ФУ сно Да СОСН» 


benzaldehyde acetophenone 


(b) IR would distinguish between cyclopentanone and cyclopentanol by the presence of a 
carbonyl peak near 1700 cm”! for the former and the presence of a hydroxyl peak near 3300 


ст-1 for the latter. 
Oe Qo 


cyclopentanone cyclopentanol 


(c) IR would distinguish between cyclopentanone and cyclopentene by the presence of a 
carbonyl peak near 1700 cm”! for the former and the presence of an alkene peak near 1625 


cm! for the latter. 
. @; 


cyclopentanone cyclopentene 


(d) !H-NMR would distinguish between 3-pentanone and pentanal most simply by the 
observation of a singlet peak near 9.5 ppm for the latter indicating the presence of an 
aldehyde hydrogen. 


CH4CH;COCH;CH; CH,CH;CH;CH,CHO 


3-pentanone pentanal 
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13.63 
1. CeH,CHO 
(а) C,H;Br MER, снумрвг — — —B» —CeH.CHOHCH;CH;CH; 
НУНО 
1. CHO 
© сунувс МУСЕ C,HMgBr ——— —» СНСН,СЊСЊОН 
2. H*/H,0 
NaOH 1. CH,MgBr 
(с) СН ———»- C;H,OH Рес. C,H,CHO ОА Вр CH;CH,CHOHCH; 
2. НУН,О 
1. CH;CHO 
(9) снов: -М8/ 185. C,H,MgBr ————›» Сн,сн,СН,СНОНСН, 
2. H'/H;0 
13.64 


+ A +- 
(CoH) P-(CH) Сн, -BHi (СЕНОЗР-СНСНСЊ 


| (CH3)CH(CH2)4CHO 


CH4COH 
Muri 


Disparlure 


13.65 А: place a nitro group on the ring using HNO3/H2SO4; B: reduce the nitro group using 
Fe/HCl; C: deactivate the amine by acetylating with СНЗСОСІ in the presence of 
pyridine; D: mono-chlorinate the ring in the para position using Clo/FeCl3; E: conduct a 
Friedel-Crafts acylation using С6Н5СОС! (note the acylium ion will attack ortho to the 
acetamido group, the strongest activator on the ring); F: de-protect the amine by 
hydrolyzing the acetyl group using МаОН/Н20: С: make the oxime derivative (an imine) 
of the ketone group using HoNOH. 


In a following step an amide is formed by reaction with a-chloroacety] chloride. Upon 
warming the nucleophilic nitrogen of the oxime effects an internal SN2 reaction to form a 
new ring and produce Valium, a widely sold relaxant. 
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Мн, c T NHCOCH; 
OO i E s vé! eem 
pm 
Сењ 
NH, а H0 
Ре ти КК. а 5 + 
C=N-OH C=N.OH ane AM. 
Сењ Сењ СН; 
Valium 


13.66 С7Н14О has ап HDI of one so there is a ring or a double bond. The ІК peak at 1720 cm 
indicates a carbonyl group. The absence of a peak near 9.5 ppm in the NMR indicates the 
compound is not an aldehyde, so must be a ketone. The singlet at 2.5 ppm is typical of a 
methyl group next to a ketone (CH3CO-). The singlet at 1.0 ppm is typical of three methyl 
groups on the same carbon ((CH3)3C-). This leaves only one carbon unaccounted for, and 
since it is a singlet of area = 2 (that is, there are no adjacent hydrogens to split this signal) 
it can only be located between the t-butyl group and the carbonyl group. Therefore, the 
compound is 4,4-dimethyl-2-pentanone [(CH3)3CCH2COCH3]. 


13.67 
HOCH4CH,OH —O0 1. Mg, ether 
———— 
Br(CH,),CHO -НОСН;Сн;ОН„_ BRCH)CH. Е 2 CHICHO 
(C4H; BrO) 3. H*/H,0 
A (СоНиО2Вг) 


—0 
CH,CHOH(CH2,CH " | — — — cÓ»-  CH;CHOH(CH,),;CHO 
о 


В (C6 H1202) 
OCH 
a з — CHj40H | 
CH, Н›5 О, 


С (СН 1402) 


13.68 А: РСС; B: СНЗОН/Н2504; С: cold KMnO4; D: Н+/Н2О 


С 
сн,=сн-сн,он —А > CH,-CH-CHO —È—> CH;-CH-CH(0OCH), ——> 


HOCH;CHOHCH(OCH3); e y HOCH, CHOHCHO 
Glyceraldehyde 
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A: NaOH to form the phenoxide then reaction with СНЗІ to form the methyl ether (to 
protect the OH group); В: МаВН4 to reduce the aldehyde to an alcohol; C: PBr3 to 
produce the alkyl bromide; D: Mg/ether to form the Grignard reagent; E: CH3CHO for the 


Grignard reaction followed by H* /H2O work-up; F: dehydration with Н2504 to form the 
conjugated alkene; G: anti-Markovnikov re-hydration with B2Hg then H202/NaOH to 
form the alcohol; Н: oxidation with Na2Cr207/H2504 to form the ketone; I: HI to cleave 
the ether and de-protect the phenolic hydroxyl group. 


A B 
но-{ у—сно —- cho )- CHO = сњо )- CH,OH 
S „ сн D É 
3 CH,Br —— CH; CH;MgBr ——= 


сно—( )-— CHOHCH;CH; -Е = сњо) CH=CHCH, -—» 


сњо) CH,CHOHCH, -H> cH,0o-{_)- CH,COCH, -L—» 
no- J- CH,COCH, 


The formula C19H120 indicates an HDI of five. The IR spectrum indicates the presence of 
a carbonyl group (C=O) and the absence of NMR peaks near 9.5 indicates they are not 
aldehydes. The NMR peaks of area 5 near 7.0 ppm in both compounds indicate the presence 
of a phenyl ring (C6H5). Thus, all of the unsaturation is accounted for (carbonyl = 1 and 
phenyl = 4) and the atoms unaccounted for are C3H7. Therefore, the compounds must be 
phenyl derivatives of 2-butanone (CH3COCH2CHs3) with the difference being the position 
of attachment of the phenyl group, for which there are only three alternatives (C1, C3, and 
C4 as shown in structures A, C and B, respectively). 


The presence of a singlet methyl at 1.9 ppm in the spectrum of B indicates a COCH3 group is 
present. The presence of a typical ethyl triplet/quartet pattern centered at 1.0 and 2.2 ppm 
in A indicates its structure can only be 1-phenyl-2-butanone. The two triplets in the 
spectrum of B indicate its structure is 4-phenyl-2-butanone, rather than the only other 
possibility of 3-phenyl-2-butanone (C) which would have a doublet (CH3) and quartet 
(CH). 

CH4CH;COCH;Cg4H; C;H,CH,CH,COCH, — CH,CH(CeHS)COCH; 


А B С 
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13.71 (а) The absolute configuration of amygdalin at the cyanohydrin carbon 15 К. (b) Acid- 
catalyzed hydrolysis will break the acetal linkage to form the free cyanohydrin of 
benzaldehyde and the hemiacetal of the disaccharide. The disaccharide (which is 
maltose) itself has an acetal linking the two glucose units. This linkage also will be 
hydrolyzed to form two equivalents of glucose. The cyanohydrin formation will be reversed 
upon hydrolysis to produce benzaldehyde and HCN. 


HO 
s HO 2 
HO HO 
Q H'/H,O о он 
НО Ho — 
о В- рисове 
HO 
"t g CN Е 
HO о CN 
"н H 
HO VL 
C,H, mH 
Сен; 


Amygdalin (constituent of Laetrile) 


\ 


CsH;CHO + HCN 


id VIII. Solutions to Problems 
Dollars and Scents 


he cosmetics company you work for is interested in developing a line of perfumes. Some in the 

company think that perfumes made strictly from all-natural sources might add special 

appeal to the product line and thereby give the company an advantage in a fiercely 

competitive market. Others wonder if the added cost of "all natural" would be too 
prohibitive. It's your job to gather samples to assess quality of scent and compare costs of natural 
versus synthetic. 


You start with the fragrance of jasmine. One of your regular suppliers has some, but "jasmin 
absolut," the essential oil extracted from jamine flowers, is extremely expensive Three other 
suppliers offer you jasmine at just a fraction of what your original supplier wanted, but you wonder 
if what they are selling is really natural jasmine oil. You bring the four samples to a chemist you 
know and ask for analysis of the samples. 
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The IR spectra of all four of the samples show a peak near 1690 ст >. After obtaining "H-NMR and 
mass spectra, the chemist identifies some of the compounds present in the four samples. Sample #1 
consists of Compound A and is fairly pure. Sample #2 is a mixture of compound A and its trans 
isomer. Sample #3 is Compound B. Sample #4 is a complex mixture that includes compound A as a 
major component. 


О 
CH; CH,CH,CH,CH,CH. 
Compound A (jasmone) Compound B 


№ What are the molecular formulas of the compounds shown? 
* Ans: A is СНО; В СНО 


ll What does the presence of an IR peak at approximately 1690 cm” tell you about the structure of 
the compounds in each sample? 


• Ans: A carbonyl group is present in each. 


lll The chemist had a vague memory that the active ingredient in jasmine oil is a compound called 
jasmone. If this is true, which of the four samples is definitely a synthetic? 


• Ans: The structure of compound B is an aldehyde, and the name jasmone suggests that this active 
ingredient is a ketone (-one suffix). This would eliminate sample #3 as being jasmone. 


li Propose a synthesis of compound A from the starting material C shown below. 


OH o 
т. сн, Na,Cr, O; — CH; 
#50, 
CH; CH, 
Compound C Compound A (jasmone) 


• Ans: Oxidize the compound shown with Na;Cr4C7 in the presence of H,SO, 
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W Propose a synthesis of compound A and its trans isomer, as in Sample #2, from the starting 
material D. (Hint: Wittig.) 

e Ans: React the starting material with (C,H;),P=CHCH.CH, (Wittig reaction). Then 
hydrolyze the result in the presence of acid to remove the acetal protecting group. The product of 
the reaction is a mixture of cis and trans isomers; the Witting reaction gives both under normal 
circumstances. 


сно, OCH, CH,O, OCH; 
C¢Hs);P=CHCH,CH 
a CHO - JEeHsS P HCH Qn CH=CHCH,CH, 
CH; CH; 
Compound D jose 


Compound А (jasmone) 
CHO, ‚ОСН, CHO, ,OCH3 


CHs)sP=CHCH,CH 
(үсе Id ede CH=CHCH,CH, 
CH; CH, 


Ш The chemist also remembers that jasmine oil does not include any jasmone isomers. Which of the 
samples does this eliminate? 


* Ans: sample #2, which consists of cis and trans isomers. 


Ш Which sample is the natural sample? 


* Ans: Sample #4 is a mixture of a large number of compounds. Natural fragrance samples are like 
that. 


ll You recognize that Compounds А and B above have essentially identical fragrances. What does 
this tell you about the sense of smell? 


e Ans: It is not very specific for chemical composition. 
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CHAPTER 


Carboxylic Acids 


|. Textbook Chapter Contents 


14.4 Nomenclature of Carboxylic Acids 


14.11 IUPAC Nomenclature 

Rules of Precedence 
14.1.2 Historical/Common Names 
14.13  Dicarboxylic Acids 


14.2 Structure and Properties of Carboxylic Acids 


14.21 Electronic Structure of Carboxylic Acids 
14.22 Acidity of Carboxylic Acids 
14.23 Carboxylate Salt 
14.24 Physical Properties of Carboxylic Acids 
14.25 Detection of Carboxylic Acids 
Spectroscopic Detection 
Chemical Detection 


14.3 Reactions of Carboxylic Acids 


14.3.1 Reduction of Carboxylic Acids 

14.3.2  a-Bromination of Alkanoic Acids 

14.3.3 Decarboxylation of Carboxylic Acids 

14.3.4 Conversion of Carboxylic Acids to Their 
Derivatives 


14.4 Preparation of Carboxylic Acids 


14.4.1 Carboxylation of Organometallics 
14.42 Carboxylic Acids from Nitriles 
542 Substitution of Alkyl Halides with 
Cyanide 
Formation of Cyanohydrins from 
Aldehydes 
Conversion of Aromatic Amines into 
Aromatic Nitriles 
1443 Other Syntheses of Carboxylic Acids 
Oxidation of Alkyl Aromatics 
Oxidation of Primary Alcohols 


14.5 Important and Interesting Carboxylic Acids 
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by the presence of the carboxyl (-COOH) group. These are the common acids of organic 
chemistry. They represent the highest state of oxidation for carbon while still attached to an 
organic group. 


Т» chapter introduces the family of compounds known as carboxylic acids, characterized 


• Be able to name carboxylic acids using the IUPAC system. 
• Know the common of names of simple and frequently encountered carboxylic acids. 
* Know the names of the first three dicarboxylic acids (C5, Су, and C4). 


• Understand the electronic structure of the carboxyl group as a basis for explaining its polarity, 
hydrogen bonding, and acidity. 


• Understand the formation and resonance stabilization of the carboxylate anion and the influence 
of substituents on its stability. Be able to explain the changes in pK,s of substituted carboxylic 
acids. 


* Write equations for the reduction of carboxylic acids to primary alcohols. 


e Write equations for the o-bromination of carboxylic acids. Be able to use this reaction to introduce 
functionality into the a- position of aliphatic carboxylic acids. 


* Write equations for the preparation of carboxylic acids by carbonation of the Grignard or 
organolithium reagent formed from an alkyl or aromatic bromide. 


* Know the preparation of carboxylic acids by the hydrolysis of nitriles. Be able to write equations 
for the formation of nitriles from alkyl halides, aromatic amines, and carbonyl compounds. 


* Write equations for the formation of carboxylic acids by the oxidation of alkyl aromatics and 
primary alcohols. 


* Be able to devise a separation scheme of a mixture of organic compounds which includes a 
carboxylic acid. 


* Be able to carry out multi-step syntheses of carboxylic acids from other organic compounds. 


* Be able to determine the structure of an unknown carboxylic acid using chemical and 
spectroscopic information. 
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m. Glossary 


alkanedioic acid a compound with an alkane parent structure but containing two carboxyl groups 


alkanoic acid a carboxylic acid in which the carboxyl group is attached to an alkane or cycloalkane 
fragment 


a-bromination a reaction in which a bromine is introduced to the alpha position of a carboxylic 
acid or carbonyl compound. When applied to alkanoic acids it is called the Hell-Volhard-Zelinsky 
reaction 


carbonyl group a C-O group 
carboxyl group a -COOH group 
carboxylate group a -COO- anion 


carboxylation a reaction in which an organometallic reagent (organolithium or Grignard reagent) 
adds across a carbonyl group of carbon dioxide to ultimately produce a carboxylic acid 


cyano a -CN group 
decarboxylation a reaction to eject carbon dioxide from a carboxylic acid 


fatty acid a long straight chain alkanoic acid containing an even number of carbon atoms. Fatty 
acids may contain a saturated alkane chain or may contain one or more double bonds in the chain 
(unsaturated fatty acids) 


Hell-Volhard-Zelinsky reaction a reaction to attach a bromine atom to the a-carbon of an alkanoic 
acid 


hydrophilic the property of being soluble in aqueous media 
hydrophobic the property of being insoluble in aqueous media 
lipophilic the property of being soluble in an organic solvent 
nitrile a compound containing the -CN group 


pheromone a compound, frequently from the insect world, which is the basis of chemical commu- 
nication between members usually of the same species. Examples are alarm pheromones and sex 
pheromones. 


reduction a process of lowering the oxidation state of a compound. The carboxyl group (-COOH) 
is reduced by LiAlH, to a primary alcohol (-CH,OH) group 


saponification the term means "soap-making" and was originally applied to the process of making 
soaps from fats by heating with lye. It more generally describes the process of hydrolyzing an ester 
under basic conditions to form a carboxylate anion and an alcohol. 


soap usually the sodium salt of a fatty acid (a sodium carboxylate) 


surfactant a truncation of the description “surface-active agent" which is a compound that has a 
hydrophilic end and a lipophilic end, thereby dissolving in both phases at an organic-aqueous 
interface 
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| VI. Solutions to Problems 


For "How to Solve a Problem," review pages 497, 504, 509, 514, and 516. 


141 
(a) (сњуснсоон (©) CH;CH-CHCOOH (c) ci-{_)- соон 
а 
осњ 
(d CH,CHOHCOOH (е) М соон ( CH4COCH;COOH 
О 


14.2  (a)3-methylbutanoic acid; (b) (E)-7-oxo-3-octenoic acid; (с) cyclopentanecarboxylic acid; 
(d) 3-butynoic acid; (e) undecanoic acid; (f) 2,6-diethoxybenzoic acid. 


14.3 The order of acidity for the carboxylic acids is as follows: 


F F 
(a) {$ соон > ФУ соон > F Ly COOH 
(b) a > (> соон > (> СООН 
а 


(с) ох У. соон > HN- \- соон 


(d) CH,CBrCOOH >  CH,CH,COOH 


aqueous sodium benzoate | HCl benzoic acid 
benzoic acid water water remove 


14.4 


cyclohexanol Water 
phenol 


ether layer benzoic acid 


aqueous_ sodium HCI 


cyclohexanol phenoxide 
phenol water 
ether 
cyclohexanol ; 
ether ether discard 
phenol 
evaporate evaporate 
ether ether 
cyclohexanol phenol 
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Compound A (С1091202) is a carboxylic acid by virtue of its solubility in sodium | 
bicarbonate, and the carboxyl group (CO2H) accounts for all the oxygens in the compound. 
The IR confirms that A is a carboxylic acid (carbonyl peak at 1710 and hydroxyl peak at 
3400 cm!) and indicates the presence of unsaturation (peak at 1625 cm 1). The HDI of A is 
five, this being accounted for by the С=О portion of the carboxyl group and a phenyl ring 
confirmed by the ТАМЕ peak at 7.2 ppm. Thus, С6Н5 + СООН accounts for С7Н6О? of 
A, leaving only C3H6 unaccounted for. The oxidation of A produces B which appears to be 
benzoic acid (С7Н6О?, mw 122), confirming that A is a mono-substituted derivative of 
benzene with a C3 group located between the phenyl ring and the terminal carboxyl group. 


Only three structures are possible for the C3 group: a linear chain (-CH2CH2CH?-), а 
branched chain with a methyl side chain (-CH2CH(CH3)-, ог a branched chain with an 
ethyl side chain (-CH(C2H5)-. The area ratios of 2:1:3 for the remaining hydrogens in the 
1H-NMR eliminates the linear chain from further consideration. The fact that the methyl 
group (peak of area 3 at 1.0 ppm) is a doublet (split by CH) and not a triplet (split by CH2) 
eliminates the ethyl side chain from further consideration. Therefore, the side chain 

is -CH2CH(CH3)-, and the remaining question is to which ends the phenyl and carboxyl 
groups are attached. 


The two possible structures for compound A are C6H5CH(CH3)CH2COOH and 


CgH5CH2CH(CH3)COOH. The 1Н-ММЕ cannot absolutely distinguish between these two 


structures because the hydrogens on carbon next to the phenyl ring should be deshielded 
about the same as those on carbon next to the carboxyl group. The remaining step would be 
to compare the IR spectrum of A with the known spectra of the two candidate carboxylic 
acids and determine identity of spectra and, therefore, of structure. 


LiAIH, 

(a) cme ў- СООН ——> (CH,),CH) CH,OH 
LiAIH, 

(b) CH,cONH-( )- соон —— > ера CH,OH 


ПЛАВА 
(с) ( )—соон — CH;OH 


All of these reactions are reductions. Therefore, it is a matter of choosing the appropriate 
reducing agent in order to reduce the target functional group without reducing another 
functional group inadvertently. 
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О NaBH, 


OH 
à) МД соон  —— LÀ СООН 


H 
Am ui ies „чч. 
^ соон 5 соон 
LiAlH, 
(0 SAY соон — ИН 
€ ПАН, Ре 
AN 
(d) М соон -——* но 
OH Г] Г] 
О abes оо а оо 
2 
‚© „А ш coon ES „С „соон —— SX „сос 
F1 


оо LiAIH(OBu), 


О НО 
sA сно = И сно 


Note that in part (e) the challenge is to accomplish reduction of the carboxyl group in the 
presence of the more easily reduced ketone group. There is only one solution to that kind of 
challenge - protect the ketone group, and it can be done by temporary conversion to an 
acetal. 


1. Br/P NaOH 

(а) CgH4CH;COOH —=—----=- СеН5СНВІСООН “= Сенгснонсоон 
2. H'/H;0 
1. Вг/Р NH, 

(b) Cg4HsCH,COOH LEO C&«H.CHBrCOOH -—> — CgH;CHNH;COOH 
NaCN H+/H,0 

„(© CHCH CHO — = C,H;CH,CHOHCN —— —9- СеН;СНЈСНОНСООН 


HCN 


PB 
с,н,сн,снмн,соон 2 cancH;CHBICOOH am | 


1. Br/P NH 
(d) CeH;CH;CH;COOH UT. сенесњенвгсоон ———À3»  C;HSCH;CHNH;COOH 
= 2 


Br; 1. Mg/ether 
(е) CHCH, —= СН5СНВг — —Ó» — CgH;CH;CH;CH;0H 
hv 2. N7 Na,Cr,0, 
C6H;CH,CH, COOH: 
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Carbon dioxide is lost from a carboxyl group which is attached to a carbon which contains 
another carbonyl group (that is, the second carbonyl group is in the beta position to the 
carboxyl group from which carbon dioxide is lost). 


-CO 
(а) (CH,),CHCH(COOH), = (CH4)CHCH;COOH 


-C 
(b CHjCH;COCH;COOH D, CH3CH;COCH; 


-СО 
(с) (CgHs)2C(COOH), ш (СЕН); CHCOOH 


(d) a Se Q 
О 


The carboxyl group from which carbon dioxide is to be lost must be attached to the starting 
compound such that the retained carbonyl group is in the beta position. 


(a) CH,CH,COCH(COOH)CH, Se CH,CH,COCH,CH, 
diethyl ketone 
-СО 
hexanoic acid 
- СО 
(с) C&gH5CH(COOH); E E C6H5 CHCOOH 


phenylacetic acid 


о 
i^ нове Фуа Dn OX 
CH; 


2,2-dimethylcyclobutanone 


Ке NN 


CH;COO MgBr + H—Cl —  CH,COOH + MgBrCl 


. Mgleth 
@ (CHCH Y- Br IU ‹сну,сн-{_$у— соон 
Š 2 


3. НАНО 
фу (сњусвг М еһе Сну ссоон 
2. СО» 


3. НУН,О 


(с) фи 1 Mgether g > COOH 
Bo т 


3. H'/H;O 
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1413  Retrosynthetic analysis indicates the carboxyl group can be attached where a bromine was 
located, so the problem becomes one of placing a bromine atom selectively at С and C2 of 


the starting material (1-butene). This is accomplished by normal HBr addition 


(Markovnikov addition) of HBr to form 2-bromobutane and radical addition of HBr (anti- 
Markovnikov addition) to form 1-bromobutane. The two alkyl bromides then are converted 


to Grignard reagents and carboxylated. 
(а) CHCH,CH;CH;COOH ===>  CH,CH,CH;CHjBr 
= CH,CH,CH=CH, 


(b) CH;CH,CH(CH;)COOH ===> = CH;CH;CHBrCH, 1-Ъшепе 


НВг 
(à CH,CH,CH-CH, ——3> CH,CH,CH,CH,Br {-М#°Ф°„ CH,CH,CH,CH,COOH 
ROOR 2. CO, T 
3. H*/H,O pentanoic acid 


HBr 
(b) CH4CH;CH-CH; ———»9- CH;CH;CHBrCH; TM CH,CH;CH(CH3)COOH 
2 


3. H*/H,O 2-methylbutanoic acid 
14.14 
(а) сен;сн,вг Мы с,нснсм НЊО C,H CHCOOH 
(b) cH,cH,cH;gr LNSCN „- 
sCH,CH,Br СЗ с» CH,CH,CH;COOH 
14.15 


(a) B 1. NaCN 
[> в 2. Ҥ/Н,О” [>- соон 


НЊО 
«фу CsH;CH,CHO Er C,H,CH,CH(OH)CN ——— 93» _ C,H,CH,CH(OH)COOH 


HSO, 
A 


HjPt 
CsHsCH)CH,COOH -&— — C,H;CH=CHCOOH 


Br, 1. NaCN 
(c) C,H,CH,CH, ge СєеН;СНВгСН; LEMO СН»СН(С%Н)СООН 
НКО» Ее 
* (d) С6Н5=Вг ——> Вг -4 У мо; — Br-(. У- мн, 
Н,504 НСІ 1. NaNO, 
НСІ 


H4/H;0 2. CuCN 
Br JA M СООН == Вг 242 CN 
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Br 
(a) ФУ — Gu E EM. (7 соон 
FeBr3 2. CO, 
3. HHO | НАНА 
{ У cron 
Вг, 
1. Mg, ether 
ы [D e (os ttt у coos 
2. CO; 
3. H*/H,0 js " 
oe 
( PBr3 1. NaCN 
a) CsH;CH,OH ———=—= CeHsCH2Br — Нин. CsH;CH,COOH 
2 
NaOC;H 


Br, 
*(b) CgHSCH;CH, = C6HsCHBrCH, ——*— C,H ,CH=CH2 


CHsCH,CH,Br _ ни | 


1. NaCN 
СеН;СН,СН,СООН -«—— ——— — 
sHsCH2CH; 2. НУН.О ROOR 
CH4COCI KMnO, 
(c) CH; сн,—{_$—сосн, — ноос-@_$—соон 
AlCl, A 
CH, COOH COOH 
KMnO, Br, 
(a) =e 
A FeBr3 Br 
CH; CH; COOH 
Br; KMnQ, 
(b) FeBr; A 
Br Br 
NaCN OH Н+ 1. A, l. A, SOK 
*(с) о Нека“ 
C d cue EV Фи а СҮ ( У соон 
4 РВгз 1. NaCN 
(d CH;CHOHCH; ——== CH,CHBrCH, THO (CH3),CHCOOH 
5 2 
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о 
(à CH,(CH));CH(CH;)COOH (Ы) ~и у СООН (с) е РУР 


(d) HOOCCH,COOH © o«( - соон (f) оле Y- COOH 


(CH3),CH ом 
СООН 
(g) (h) CH,CH,COOK G) CH,CH(NH,)CH,COOH 
COOH 
og COOH 
CO 
9 eee (k) xX 0 T ay Е 
СООН COOH COOH 


(п) CICH;COOH (0) сењсњсоома (р) / ^ ~ соон (9 ере СООН 


(a) The compound should be named as a carboxylic acid, not as a ketone. The name should 
be 3-oxobutanoic acid. 


CH3COCH;COOH 
(b) The name mixes historic (В) and IUPAC (butanoic) terminology. The name should be 
either 3-methylbutanoic acid or B-methylbutyric acid. 


(CH35; CHCH;COOH 


(c) The substituents should appear in alphabetic order. The name should be 


4-bromo-3-chlorobenzoic acid. 
Br a COOH 


(d) The compound should be named as a carboxylic acid, not as an alcohol. The name should 
be 3-hydroxycyclohexanecarboxylic acid. 


COOH 
HO 
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(e) The parent name should be benzoic acid, not benzene. The name should be 
4-carboxybenzoic acid (or terephthalic acid). 


ноос— Y- COOH 


(f) The name mixes IUPAC (2-) and historic (propionic) nomenclature. The name should be 
2-methylpropanoic acid or а-тећујргорлогис acid. 


(CH39CHCOOH 


(a) 1-cyclopentenecarboxylic acid; (b) 4-methylpentanoic acid; (c) 3,5-dioxohexanoic acid; 
(d) 3-fluoro-5-iodobenzoic acid; (e) (Z)-3-chloro-3-pentenoic acid; (f) 3-bromobutanoic 
acid; (g) trans-cyclobutane-1,3-dicarboxylic acid; (h) methylmalonic acid 
(2-methylpropanedioic acid); (i) 1-hydroxycyclopropanecarboxylic acid. 


(a) ( 2- соома (b) (CH;CH,COO)Ca (с)  CH4CH-CH-CH-CH-COOK 


sodium benzoate calcium propanoate potassium sorbate 


The orders of acidity are as follows: 

(a) p-nitrobenzoic acid » benzoic acid 

(b) 2,2-difluoropropanoic acid > 2-fluoropropanoic acid > propanoic acid 
(c) acetic acid > ethanol > ethane 

(d) benzoic acid > phenol > benzyl alcohol 

(e) 2-chlorobutanoic acid > 3-chlorobutanoic acid 


The order of decreasing pKa values are as follows: 

(a) benzoic acid > p-nitrobenzoic acid 

(b) propanoic acid > 2-fluoropropanoic acid > 2,2-difluoropropanoic acid 
(с) ethane > ethanol > acetic acid 

(а) benzyl alcohol > phenol > benzoic acid 

(е) 3-chlorobutanoic acid > 2-chlorobutanoic acid 


The pKa values are as follows: 

(a) acetic acid (4.8), p-chlorobenzoic acid (4.0) 

(b) propanoic acid (4.9), 3-chloropropanoic acid (4.0) 
(c) p-nitrobenzoic acid (3.4), p-nitrophenol (7.2) 

(d) benzoic acid (4.2), benzenesulfonic acid (0.7) 


This problem is analyzed by considering the pKa of the acid on each side of the 
equilibrium. Recall that the strongest acid (smallest pKa) will give up its proton to the 
base. 
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14.27  Theseparation scheme depends on being able to separately convert each compound into an 
ionic form (a salt) which will be extracted into an aqueous layer which can be separateed 


from the organic (ether) layer. 


(a) CH,COOH + 
(4.8) 


(b Снсоон + 
(4.2) 


NaHCO, 


= 
(CHj;NH === 


= 
—— CH;COONa + 


H20 + 
(6.4) 


со; 


ud + 
CgH5COO T H2N(CH3) 


(10.7) 


— > 
(с) CH4CH,CH,COO ма + на == СН,СН,СН,СООН + NaCl 


(d) CH,CH,COOH + CH,CH,MgBr 


(74.8) 


(-1) 


— жь 
<= 


(~4.8) 


CH,CH,COOMgBr + CH,CH, 


(~50) 


= 
(е) no—_\—coon + NaHCO, === но—{ У соома + H,O + CO, 


(~10 and 4.2) 


(6.4) 


— JM 
(f) Ho-( V-coon + 2Na0H —— nao—{_\—coons + 21,0 


(~10 and 4.2) 


(16) 


aqueous 


pyridine layer 


benzoic acid| НС! 
p-cresol 
ether 


ether 


CH 3CH,OH I 


mci 


pyridinium 
hydrochloride 
water 


CoHy + 
(-40) 


(15.7) 


CH,CH,OLi 


oat ed discard 
NaOH 


ether 


layer 
ether 
layer 


pyridine 
ether evaporate 


ether 


layer 

sodium НС! 
benzoate 

water H,O 


aqueous 
benzoic acid | NaHCO pyridine 
p-cresol 


ether 


layer 


H20 


benzoic acid 
water 


remove 
water 


benzoic acid 


ether 
layer 


evaporate -cresol 
-cresol = 
Р ether ether 


The IR peaks at 3100 (-OH) and 1690 cm"! (С=О) indicate СбН 1202 is a carboxylic acid. 
The carboxyl group is confirmed by the singlet peak at 11.2 ppm in the NMR spectrum. 
There are no splittings in the NMR indicating there are no adjacent hydrogens. The singlet 
peak at 1.1 ppm must represent methyl groups and the area of ~9 probably indicates a 
t-butyl group ((CH3)3C-). Thus, C5H1002 has been accounted for. The remaining 
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unaccounted for carbon must be a СН2 group which connects the t-butyl group to the carboxyl 


group and it's presence is indicated by an unsplit singlet at 2.2 ppm. Therefore, the 
compound is 3,3-dimethylbutanoic acid (CH3)3CCH2COOH. 


14.29 
KMnO, 
(a) фу сњ —- Mb cone 
NO 
А мамо, CN СООН 
Hua H+/H,0 
(b) ———— 
на” 2. CuCN 
1. 1-Мр/ећег 
о (Увы a= 
Sen о. COOH 
3. НО 
KMnO 
(d) ( У- cmon = 4 \- соон 
14.30 
@ C.H.cH=cH, = cH cH cHppr NAN 5 cu cH CH coo 
sH,CH-CH, ор sHSCH;CHaBr o oO 6H CH,CH, 
NaCN H+/H,0 
*(b) C&HSCH;CHO "uc" Ce CH,CHOHCN — > C,H,CH,CHOHCOOH 
Н,50; 
HjPt ^ 
CHCH CHCOOH -«— — — C4H,CH-CHCOOH 
Br, Mg/ether 
*(с) СеН;СН, or СеН;СН,Вг ———————»  CgH,CH,MgBr Му 
о 
Na,Cr,0; 2. H*/H,O 
CeHsCH,CH,COOH — ST C¢HsCH,CH,CH,OH i 


iAIH PBr 
(d) C&;H,CH,COOH I ee C,H,;CH,CH,OH — > СеН;СН,СН,Вг 


1. Mg/ether | 
C;H,;CH,CH,COOH 


2. С0; 
3. H*/H;O 
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14.31 
Na;C5O 
(à CH;CH,CH,CH,CH,OH ——— —B»- CH,CH,CH,CH,COOH 
H,SO, Na;Cr205 
C =C ШАЛА. CH,CH,CH,CH,CH,OH iim 
b) CH3;CH,CH,CH=CH, —————— ÀÀ»- 
(b) CH; CH, 2 > H,O;NaO0H C HC EDU EDU E, 
PBr, 1. Mg/ether | 
(c) CH4CH;CH;0H ——= CH,CH,CH,Br 
2 N/ 
о 
3. H'/H;O 


14.32 The ethyl group must become the eventual carboxyl group, and this can only happen via an 
oxidation. The remaining question is when to attach the bromine through bromination. 
Since the bromine must be in the meta position the bromination must occur after the carboxyl 
group is formed (the ethyl group would direct bromine to the ortho and para positions). 


== Вг, 
C?H5 СООН ——> COOH 
FeBr, 
Br 
14.33 
(a) CM соон ВОР > соон NaOH COOH 
Temo Br OH 
COOH  waOC,H 
(b) CX Br = 5 ( )- соон 
(from (a)) 
(с) d cue i (СНз»МН СООН 
хс N(CH3)2 
(from (a)) 


14.34 The introduction of a double bond most often occurs via an elimination reaction. Therefore, 
the initial task is to attach to pentanoic acid a group that can be eliminated, and that is 
accomplished by a-bromination of pentanoic acid. 


1. Br//P 
CH3CH;CH;CH;COOH rac CH3CH2CH2CHBrCOOH 
2. Н/Н2О 


NaOC 25 
CH;,CH,CH=CHCOOH мос | 
А 


2-pentenoic acid 
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14.35 
1. Оз сно НКО; СООН 
— — < 
2. 20 CHO COOH 
14.36 
CH; сн, CH; сн, 
- CO; 
(a) соон | ———À 
^ 
о о 
СООН -CO, 
(b) x o > СООН 
СООН A 
о бб О 
c) НООС bi REUS 
e Y^ COOH ^ AK соон 
14.37 
LiAIH, 
(а) CH;CH,CH,COOH ——— CH;CH,CH,CH,0H 
1-butanol 
LiAlH, 


benzyl alcohol 
ПЛАН 
(c) [> соон IM [> CH;OH 
cyclopropylmethanol 


14.38 The answers to these problems are deduced by envisioning where a leaving carboxyl group 
could be attached to the desired product such that it had a carbonyl group beta to it in the 


starting compound. 

- CO, 
(а) (СЕН C(COOH); ут” (СЕН СНСООН 

- со, 
(5) о С UE о 
СООН 

- СО; 

() CH,COCH,COOH ————» CHCOCH, 
-CO, 

(d) CH,CH;CH;C(CH3(COOH) ————_ CH,CH;CH;CH(CH;)CO0H 
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(a) Br; COOH 
FeBr4 
Br 
(b) Br; COOH 
соон === СН; 
Сењ - 
B Br 
(с) Br 
СООН 
ROOR aoe 


NaBH, РВгз 
(а) СОСН; —— CH(OH)CH, ——» {У снвєн, 
~ 1. Mg, ether | 
2. CO; 


3. НУЊО 


4 р Вг; 1. Mg, ether 
b —— ee 
m ROOR 4 у Br 2. CO, 4 у COOH 
3. НЊО 
SH 


E SH s H 
() о ~ )- соон — а- Х > s (У 
= | : соон ux; COOH 


5 SOCI S LiAIH(OBu') 
o [ХУ соон Ske С У соа 
$ | 
(from (c)) 
H*/H,0 $ 
[o 202 CHO + —— | : x} CHO 


C5HgO4 must be a dicarboxylic acid because the 12.8 ppm peak in the 1H-NMR indicates a 


carboxyl hydrogen, and the area ratio must be 2:6 to account for the eight hydrogens in the 
formula. Therefore, only C3H6 remains unaccounted for. Only three structural possibilities 


exist for these three carbons as represented in structures A, B and C shown below. 
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^d COOH кю. < СООН 
СООН СООН COOH 
A B с 


Only structure C would have a single alkyl peak in the !H-NMR, that for two identical 
methyl groups, and this fits the observed peak at 1.29 ppm representing six hydrogens. 
Structure C also is consistent with the 13C-NMR in that it would be expected to show peaks 


for three different kinds of carbon. Therefore, the structure of the unknown is 
dimethylmalonic acid (C). 


The isomer of compound C described in the previous question must be compound B on the 
basis of both NMR spectra. B should have four peaks in the ÀH-NMR representing singlet 
carboxyl (12.7 ppm), methyl doublet (0.9 ppm), methine multiplet (2.6 ppm), and 
methylene doublet (2.4 ppm). The 13С-ММЕ of B would be expected to show four peaks 


representing four different kinds of carbon. Therefore, the unknown isomer is methyl 
succinic acid (B). 


#8504 1. B2Hg 
(а) (CH;;COH 22—45.  (СНаус=сн, —————— (CH;),CHCH,OH 
A 2. HjO//NaOH 
Na,Cr,O 
(CH,),CHCOOH owes. 
50, 
HB 
(b (Снуус=сн, — a. (CHj,CBr пена (CH4,CCOOH 
fi СО; 
(from (a) 3. HHO 
Na,Cr,07 
(c) CH3CH;CH;0H —^ CH4CH;COOH 
H;SO, 
( снзсн,сн,он - = CH,CH,CH,Br PX. Le CH3CH;CH;COOH 
* 2 
3. НУН,О 


Br С» 1. NaCN 
— Вг — > 
(© Q hv 2 HHO [© соон 
Br 1. Mg/ether 
сн of 5 — » CH of V- Br MESI CH o-4 \- COOH 
ЕН; FeBr; 2 2.СО, 3 


3. H*/H,O 
HBr 
(EB CH;-CHCH-CH, ——3=  CH,CH-CHCHjBr — CH,CH=CHCH,COOH 
* 2 


KMnO, 
(h) cus \- он — Hooc-4 \- соон 
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*14.44 
1. NaNO; 
НСІ 
ci{_)- мо, Pe. ами, —— a£ -on 
HCl 2. ЊО, A 
cl а! CI 
c р rCH 
H4COO B H 
sCOOH — пена „COO 


1. BrCH;COONa 


NaOH = (Su2) 
СІ он == СІ о === Cl OCH,COOH 
2. H'/H20 
Cl а CI 
2,4-D (2,4-dichlorophenoxyacetic acid) 


14.45 CgHgO3 has an HDI of five. Since it dissolves in sodium bicarbonate it must be a 
carboxylic acid and the IR confirms the presence of the -COOH group. The carbonyl group 
therein plus a phenyl ring, indicated by the 1H-NMR peak at 7.3 ppm, accounts for the 
HDI. The compound is a di-substituted benzene derivative as indicated by the NMR peak 
at 7.3 ppm having area = 4. To this point CcH4 + СООН = С7Н602 has been accounted for, 


leaving СНЗО to be specified. The NMR indicates a likely methoxy group (-OCH3) which 
must be on the ring to account for di-substitution on the benzene ring. The decoupled 


13С-ММЕ spectrum indicates the presence of six different kinds of carbon which can only be 
satisfied by having the methoxy group para to the carboxyl group (the ortho and meta 
isomers have eight different kinds of carbon). Therefore, the compound is 


p-methoxybenzoic acid. 
cmo )- COOH 


"МИ. Conceptual Problem 


Getting Oriented 


ou are aboard the world renowned train the Orient Express, en route to a conference of 
forensic pathologists in Budapest. As it pulls into the station in Vienna, some of your fellow 
passengers disembark, at the end of their journey. As the conductor makes an accounting of 
the disembarking passengers, she realizes she has one too few—someone who should have 
left the train has remained behind. A search of each compartment in your car brings the discovery 
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of the body of a dead passenger. Austrian police are summoned, the car is detached from the train to 
remain in Vienna with you aboard, and the rest of the train then continues its run to Budapest. 

The initial police investigation reveals no obvious cause of death. However, a search of the 
compartment results in the discovery of two vials in the medicine cabinet. One (assigned letter A) 
contains only a few white tablets and the other (assigned letter B) is half filled with white 
tablets. There are no labels on either of the vials. Most of the police department's forensic 
specialists have themselves left for the conference you were to attend. Realizing that they are 
short-handed, you offer to provide some guidance to the chemical technicians in the forensic 
laboratory. 


You first have a sample of each tablet burned on a spatula. Sample A does not burn, so you conclude 
that it is inorganic. Subsequent tests determine that these are simply salt tablets. This is consistent 
with the passenger having been on a rigorous outdoor expedition in the Middle East. 


Sample B burns completely, so you conclude it is organic. The tablets have a capital letter "E" 
stamped on them so you suspect that they are Excedrin, a commercial analgesic. Referring to the 
Merck Index you find that Excedrin contains acetominophen, acetylsalicylic acid, and caffeine. 


о CH3 
COOH CH» \ 
HO у NHCOCH; CX ne > 
ооссн, g^ wA CN 
Acetaminophen | 
Acetylsalicylic acid CH; 
Caffeine 


The police want to confirm your suspicion and ask you to design a scheme whereby the separate 
components of Excedrin can be isolated. They can then be identified by comparison of their physical 
properties with literature information, including spectra. Your task, therefore, is to: 


lll Design a separation scheme to be applied to the Excedrin tablets, assuming they are first ground 
to a fine powder and all but the filler (starch) is dissolved in ethyl ether solvent. 


caffeine NaOH | 

hydrochloride ————3»- Caffeine 

salt 

Ac uas bala sodium salt of Asa 


HCI 
H,0 


Acetylsalicylic acid 


Ac = acetaminophen 


Asa = acetylsalicyclic acid AÇ 
x ether 
Ca = caffeine 
| evaporate » З 
Acetaminophen 


ether 
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Ш Indicate some important spectral peaks the technicians can look for in the IR and ‘H-NMR 
spectra of each of the pure compounds, once obtained and purified. 


• Ans:Acetaminophen should show IR peaks at about 3300 cm“! for OH and NH (perhaps both as 
one peak) and near 1700 спу! (amide group). Acetylsalicylic acid should show a very broad 
peak near 3300 сп (OH), a two sharp peaks near 1680 cm (carboxyl and ester groups). 
Caffeine should show a single peak near 1700 cm” (two amide groups). 


In the NMR the peaks should be located approximately as follows (number of hydrogens 
followed by peak position in brackets): 


acetaminophen: aryl multiplet (4, 7.5 ppm), methyl singlet (3, 2.5 ppm), HO and NH (1 each 
as singlets, probably near 5 ppm) 


acetylsalicylic acid: aryl multiplet (4, 7.5 ppm), carboxyl singlet (1, 11.5 ppm), methyl singlet 
(2.5 ppm) 
caffeine: ary] singlet (1, 7.5 ppm), methyl singlet (3, 2.4 ppm), methyl singlet (6, 3.0 ppm) 


Alas, you rush off to Budapest and never learn the results of the investigation. 


285 


1 


Derivatives of Carboxylic Acids 


5 


|. Textbook Chapter Contents 


15.1 Acid Chlorides 


1511 Nomenclature of Acid Chlorides 

15.12 -Olysis Reactions of Acid Chlorides 
Hydrolysis of Acid Chlorides 
Alcoholysis of Acid Chlorides 
Ammonolysis of Acid Chlorides 

15.1.3 Review of Other Reactions of Acid Chlorides 
Reduction to Aldehydes 
Conversion to Ketones 
Friedel-Crafts Acylation 

15.14 Preparation of Acid Chlorides 


15.2 Acid Anhydrides 


15.21 Nomenclature Of Acid Anhydrides 
15.22 -Olysis Reactions of Acid Anhydrides 
15.2.3 Preparation of Acid Anhydrides 


15.3 Esters 


15.31 Nomenclature of Esters 

15.3.2 -Olysis Reactions of Esters 
Hydrolysis of Esters 
Ammonolysis of Esters 

15.3.3 Claisen Condensation of Esters 

15.3.4 Preparation of Esters 
Alcoholysis of Acid Chlorides 
Fischer Esterification 

15.3.5 Fats 


15.4 Amides 


15.4.1 Nomenclature of Amides 

15.4.2 Reactions of Amides 
Hydrolysis of Amides 
Reduction of amides 

15.43 Preparation of Amides 
Ammonolysis of Acid Chlorides 
Ammonolysis of Esters 


287 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


his chapter discusses the chemistry of four derivatives of carboxylic acids—acid chlorides, acid 
anhydrides, esters, and amides. All can be produced from carboxylic acids and can be re-con- 
verted to carboxylic acids by hydrolysis. 


Il. Learning Objectives 


* Know the general structures for acid chlorides, acid anhydrides, esters, and amides. 

* Be able to name acid chlorides based on the IUPAC names for the parent carboxylic acids. 

* Write equations for the conversion of carboxylic acids into their acid chlorides. 

* Know the general mechanism for acyl nucleophilic substitution. 

* Write equations for the hydrolysis, alcoholysis, and ammonolysis of acid chlorides. 

* Know the structures and names of simple acid anhydrides and the common cyclic anhydrides. 


* Write equations for the formation of the common cyclic anhydrides by heating the parent 
dicarboxylic acids. 


* Write equations for the hydrolysis, alcoholysis, and ammonolysis of acid anhydrides. 
* Know the IUPAC names for esters. 


* Write equations for the formation of esters from acid chlorides and acid anhydrides (alcoholysis 
reactions). 


* Know the mechanism of the formation of esters by Fischer esterification. 

* Write equations for the hydrolysis and ammonolysis of esters. 

* Write equations for the Claisen condensation of esters to form B-keto esters. 
* Know the general structure of fatty acids and fats. 

* Write equations for the saponification (base-catalyzed hydrolysis) of fats. 

* Know the IUPAC names for amides. 


* Write equations for the ammonolysis of acid chlorides, acid anhydrides, and esters to form 
amides. 


* Write equations for the acid-catalyzed hydrolysis of amides to carboxylic acids. 
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* Be able to carry out multi-step syntheses using carboxylic acid derivatives as starting materials. 


* Be able to carry out multi-step syntheses of carboxylic acid derivatives from simpler starting 
materials. 


• Be able to deduce the structure of esters and amides from chemical and spectroscopic information. 


Ш. Glossary 

acid anhydride a compound of general structure RCO-O-OCR in which two acy! groups are 
attached to an oxygen atom 

acid chloride a compound in which an acyl group is attached to a chlorine atom (RCO-CI) 
acyl group a RCO- or ArCO- group 


acylating reagent a reagent such as an acid chloride or an acid anhydride which is reactive enough 
to transfer an acyl group to another compound 


acylation the attachment of an acyl group to another compound, often by replacement of a 
hydrogen by the acyl group 


alcoholysis reaction of an acylating reagent with an alcohol to form an ester 


amide a compound with an acyl group attached to an amino or substituted amino group, such as 
RCONH,, RCONHR', or RCONR'; 


ammonolysis reaction of an acylating reagent with ammonia to form an amide 


antibiotic a compound that kills bacteria or inhibits their growth, thus counteracting bacterial 
infections 


chemical weapons chemicals used to kill; maim, or incapacitate humans 


Claisen condensation the reaction between two molecules of the same ester resulting in 
displacement of an alkoxy group from one ester molecule by an enolate anion of a second ester 
molecule, resulting in formation of a B-keto ester 


coenzyme А a key reactant in many enzyme-catalyzed reactions which serves as an acyl transfer 
agent. It contains an adenine nucleotide fragment, a pantothenic acid unit, and a 2-aminoethanol 
unit. It is abbreviated CoA-SH 


ester a compound with an acyl group attached to an alkoxy or aryloxy group, such as RCOOR' or 
RCOOAr 


fat a tri-ester of glycerol 


fatty acid a carboxylic acid which is found in fats. They are saturated or unsaturated long chain 
carboxylic acids containing an even number of carbon atoms (most often 12-18 carbons) 


Fischer esterification the acid-catalyzed reaction between a carboxylic acid and an alcohol to form 
an ester through intermolecular dehydration 
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hydrolysis the reaction of a compound with water in which the compound usually splits into two 
fragments as the elements of water are added. Reaction of an acylating agent with water forms a 
carboxylic acid 


lactam an cyclic amide 
lactone a cyclic ester 
macrolide a large-ring lactone, often with important biological activity 


nerve gas a chemical weapon which attacks the nervous system, usually through reaction with 
choline, causing immobility or death 


non-persistent pesticide a pesticide which undergoes relatively rapid decomposition when 
exposed to the elements, usually through hydrolysis 


nucleophilic acyl substitution a reaction in which one nucleophile replaces another attached to an 
acyl group, but through a two-step addition-ejection (also called addition-elimination) mechanism 


persistent pesticide a pesticide which is not readily decomposed upon exposure to the elements 
and therefore remains effective for considerable time 


saponification the term means “soap-making” and was originally applied to the process of 
making soaps from fats. It more generally describes the process of hydrolyzing an ester under basic 
conditions to form a carboxylate anion and an alcohol. 


triglyceride a tri-ester of glycerol (1,2,3-propanetriol), the acids usually being fatty acids 
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x V. Solutions to Problems 


For “How to Solve a Problem,” review pages 552, 555, 566, and 570. 


15.1 


ү. ON Q ri 
а)  СЊСЊ— с-а (b) e c-a ©) cu M с-а 


ог ON 
ог ог 
CHCH COCI ом 
e COCI cu > COCI 
ON 


15.2 (а) 4-methylpentanoyl chloride; (b) cyclobutanecarbonyl chloride; 
(c) benzenesulfonyl chloride. 


15.3 
pyridine 
(a) CsHsCOCi + Ho-( ) Сензсоо-( Y 
ridine 
(D CgHsCH,OH + [> соа UEM, E |o P 
CI 
pyridine 
(c) C,H;COC| + НО ——> | Онусоо 
CI Cl 
15.4 
pyridine 
(a) CH3CH;COCI + HOC,Hs —— CH3CH;COOC3Hs 
pyridine 
(b) C сос! * но) ——= (соо) 
OH pyridine OOCC,H; 
(c) [ + 2CgHsCOClL = [ 
OH ООССЬН»$ 
15.5 
NaOH 
(a) a + Снос = МНСОСН; 
NaOH 
(b) (C,Hs;NH + [> coc — CON(C>Hs) 
Cl 
NaOH E 
(c) NH, +  C4H;COCW] | = NHCOC,H, 
а CI 
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15.6 
NaOH 
(a) CH,CH,COC] + H,NC,H, ———M- СН,СН,СОМСС,Н,) 
ы Qon . һау 2898. Qo C) 
NH NHCOC 
(c) Ё ? + » сенесос) МОН. Г sHs 
NH; NHCOC4H; 
15.7 
(а)  C;H4COCI + (C2HshCuLi —» C2HsCOC2Hs 
AICI 
(b) вг \- сн, +  снсоа ——» s- )-сњ 
COCH, 
(с) CgH,COCI + LiAlH(OBu, ——= CgH5CHO 
15.8 


(a) CgHsCOC] + ((CH32:CHCH)),CuLi ——3» CsHsCOCH2CH(CH3)2 


Li CH4COCI 
(b | CH4CH;CHjBr Lay (CH,CH;CH;j;CuLi ————3À»  CH;CH;CH;COCH; 
. Cu 
CoH, 
(c) C,H;COC]l —— = C2H5COC6H5 
AlCh 


15.9 Acid chlorides, like acetyl chloride, undergo hydrolysis rapidly in water, the reaction 
producing acetic acid and hydrochloric acid. When inhaled acetyl chloride is converted to 
these acids by moisture in the lungs and the acids then destroy lung tissue. 


CH,COC] + НО ——— СНСООН + на 


со ~ COOC;Hs 
(a) ; + CH,0H —> Cx 
CO COOH 


(b (CH,CO,O + (Снн  ——» (C,H,),NCOCH, + СНСООН 


со СООС%Н$ 
© | 290 + CHo — | 


со СООН 


15.10 
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15.11 
OH | OCOC&Hs 
ау O бы СН;СОСІ ог (С6Н5С0):0 — CHO OCH, 
, 


(CH3CO),0 
(Ы) (CH,CH,CH;5NH -———————»9 (CH3CH2CH2),NCOCH; 


15.12 


COOH CONHC,;H; 
T | А В: CoHsNH _ | 
COOH COOH 


KMnO SOCI 
© Cy eoo "© Cy coon а 
снзон 
4 \- соосњ 


HNO CH3CO),0 
“О M Ome Om Ses 
Ho, HCI 
ФУ МНСОСН» 
KMnO, COOH: id СО сњон 
(4) Баса, ЧЕ —— №) 
^ соон ~ #20 co у 
COOCH, 
$ b 
15.13 


( > сооснесњу, — 6 eeu © D> соо] 


15.14 (а) cyclopentyl propanoate 
(b) propyl butanoate 
(c) 2,5-cyclohexadienyl ethanoate 
(d) methyl 3-oxobutanoate 
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15.15 
(а) C,H,COOCH(CH,), та C,H,COONa + — (CHj,CHOH 
NaO 
(b (CH3)CHCOOC,Hs (CH,),CHCOONa + C,H,ONa 
2 
H H 
| МаОн | 
(с) СН» S OOCC,Hs н.о, CH; S OH + C;H5COONa 
С.Н C2Hs 
15.16 
H 
TsCl NaOH 
Сзн FN С Сзњ ж ~ 542 CH, WT 
сн, ` CH, ` OTs ^ ЕУ OH 
(S)-2-pentanol (R)-2-pentanol 
15.17 


(a) CgH65COOC;H; + МН; ——»  CgH;CONH; + СНОН 


(b) cu,coo-( У + (СЬЬМН — > CH,CON(CH;), + (он 


Вг Вг 
(с) СЊСООСН + unk) Вг — — Br + C,H,OH 


15.18 In the presence of sodium methoxide some of the ester, methyl phenylethanoate, will be 
converted to its enolate anion. The latter, as a nucleophile, will attack the carbonyl carbon 
of a second ester molecule, carrying out a nucleophilic acyl substitution. The resulting 
B-ketoester will be converted to its enolate until the reaction is worked up with dilute acid. 
The final product will be methyl 2,4-diphenyl-3-oxo-butanoate. 


NaOCH 
CHCH Cooch — —— [сәвснсоосну 
methyl phenylethanoate | C;H,CH;COOCH, 


= OCH 
[сёң,сн,соссрнсоосн) -—— с eH,CH;COCH(C4H,)COOCH, 


methyl 2,4-diphenyl-3-oxobutanoate 
| H*/H;O A 
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15.19 Since the synthesis must use the Claisen condensation, try to envision in the product at 
which bond the two ester molecules could have been joined, keeping in mind that an enolate 
anion (at an B-carbon) must have been involved. It is apparent that the bond between 
carbons 2 and 3 must have been formed in the Claisen condensation. This necessitates using 
the methyl ester of a C4 acid as the starting material, methyl butanoate. Since the normal 
product of a Claisen condensation is a В -keto ester, the ketone group must be removed. This 
can be done most easily using thioacetal formation and hydrogenolysis with Raney nickel. 


1. NaOCH; 
CH4CH;CH;COOCH, —————» CH;CH;CH;COCH(C2Hs)COOCH; 
2. НУНО 
[orm 
H* 
г 
SS 


— 
CH,CH;CH,CH;CH(C,H;)COOCH, a CH,CH,CH,CCH(C,H,)COOCH 
2 


methyl 2-ethylhexanoate 


15.20 
— CHCOOH 
(a) CH;CH,CH,OH + (CH;CO),0 ==> CH,COOCH,CH,CH, 
со COOC3H; 
(b СУН ОН + | ,9 — | 
CO COOH 
ridine 
(c) Да OH + снснсоа PLA снусн;соо-{ ) 
ON 4 о 
pyridine 
о Cron + усе PESO eme) 
ON ON 
15.21 
SOCh (CH3)2CHOH 
(a) CH;COCH=CHCOOH ————3 СН:СОСН=СНСОСІ TIT 
pyridine 
CH4COCH-CHCOOCH(CH3); 
SOC, C,H,OH 
(b) CHCOOH ——À3» C,H,COC] —— —» C,H,COOC,H, 
pyridine 
500), [> он 
(с) СООН —— cog ————» 
T COO 
pyridine 
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H* 
(a) C,H;OH +  CgH,COOH —— СН;СООСН; 


H H 


н, 2 
СНСООН — - 
Ж. CHES ~ ооссн, 


~ 
C2H5 CH, 


А 
(ау (Снууснон + CHCOOH - = — (CHj,CHOOCCH, 


pyńdine 
(b) 4 У- он + СН,СОСІ { У оосс;н: 
папе 
(с) ( у он + СН:СН,СОСІ шш, {_)-ооссн,сн, 


COOH 

(a) OOC(CH CH; (b) OOC(CH,);CH; 
OOC(CH,),CH; OOC(CH2)sCH3 
OOC(CH2)gCH; OOC(CH5).CH; 


glyceryl tridecanoate glyceryl triheptanoate 


OH апі CH,(CH,),COONa 


OH sodium decanoate 


glycerol 
(1,2,3-propanetriol) 


(à  C.H,CONH, (b) CH,CONH-( ў— NO, (©) CH,CH(OH)CH,CONHCH, 


(d) C» CON(CgHs, (е) CH4CH;CH;CH,CONHCH;CdHs 
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(a) N-phenylbenzamide 
(b) N-(m-methoxyphenyl)acetamide (m-methoxyacetanilide) 
(c) N,N-dimethylpropanamide 


1. NaNO, 
бн, бы CHNO, > сунун, НА > сек 
H,SO, НС! 2. CuCN e 
Liam, 
Ce H;CH;NH; 
(a) CONHC,H, -H2304 $ 
C;H,CONHC,H, 22-а СНСООН + онжњ 
2 
LiAIH4 
LiAIH4 
(c) > сомы, —> [> cut; 
SOCI CH 
(à CHCOOH — = с,н,сос! NIS 
CsHsCONHCH; 


c,H,coocH, CENH 


(b) SOCI, (C2H5), NH 
соон ——ÀX» ( )- cod 
(C,H;),NH 
{ )-соосн, эде 


(a) methyl 3-hydroxyhexanoate 

(b) N-methyl-2,6-dichlorobenzamide 
(c) butyl heptanoate 

(d) m-trifluoromethylbenzoyl chloride 
(e) N,N-diethyl-4-oxohexanamide 

(f) phenyl cyclohexanecarboxylate 

(g) benzoic anhydride 

(h) 2-aminopropanamide 

(i) diethyl succinate 


C CON(C,Hs)> 
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15.31 


(a) ours ce (b (СЊСН;СО)О (c) on > CONH, 
(d) ~ coo —6 (е) Do. (f) a СОС! 


COOCH; а 


(=) © OOCCH5 (b) NAN CONHCHS (i) CgH;NHCOCH, 
со COOCH 
А N 3 
0) X Ke (k) < () cu, \- soca 
3 


15.32 


C OOCCgH; Сен СОМН; (CH3);CHOOCC4Hs CsHsCOOH 


(он N Ж Но 
9 A (e) 


(№ СОСН _СеН6 > CH;COCH 
i =, E Rage E 


à) (b) (g) 


€ ^ : Ae 


C6HsCOOC.Hs СН;СОМНС;Н; CsHsCOC2Hs C,H,CHO 


LiAIH(OBu'), 


15.33 


H*/H,0 А 
(а) CeH,CONH, — === CHCOOH + М 


НАША 
(b C4H,CONH, — > снхнмн, 
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15.34 
OH 
on CH3COCI Н, 
excess OOCCH, 
OH OOCCH; 
15.35 
H,SO 
(а) (CH,),CHOH + CHCOOH ENG (CH3),CHOOCCH; 
“122 
о — H4COO 
(b) go-( У + (СНзС0)0 "сн COOH eH <) 
H H | 
=e + C,H.COC] ———> oe 
(c) C2H5 S OH sHs - HCl C2H5 S OOCC,H, 
CH, CH, 
$-2-butanol S-2-butyl benzoate 
NaOH 
(d) Cg.H,COOC(CH3), “но” C,H;COONa +  (CH44COH 
2 
(e) C4H,COOC;H; + (CH;),NH Соц» CsHsCON(CHs)2 
2115 
E E 
, NaOH 
® ien + 700CCH; но” СОЊЕ Хон + СНСООМа 
3 CH; 
$-2-butyl acetate S-2-butanol 
H H 
NaOH 
g) СН; S OTs H,O HO 2» C2Hs + TsONa 
CH, “CH 
S-2-buty] tosylate R-2-butanol 
(h) OOCCH; OH 
NaOH 
OOCCH; КЕТЕТ OH + — CHCOONa 
2 
OOCCH, OH 
| 1. NaOC,H 
(i) CH4COOCjH сяг СН;СОСН,СООС,Н; 
2. HCVH;O 
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15.36 
NaOCH, - 
CH,CH,COOCH, r> CH,CH;COC(CH4)COOCH; Ма“ 
(b) po 
(c) NaOH 
CH,CH,COCH(CH)COONa = — CH,CH;COCH(CH;)COOCH, 
2 
ојна 
(е) д 
CH,CH,COCH(CH)COOH "—do-»  CH;CH;COCH;CH; 
Е 2 
15.37 
ijv ud 1. NaOC, Hs 
a == 
3 HO CH4COCH;COOCHs 
1. NaOC;H 
(b CH4CH,COOG;Hs ————— —JM»- | CH;CH;COCH(CH3)COOCH; 
2. H'/H0 
15.38 
1. NaOC;H, 1. NaOH 
CH,COOC;H; — —— —» 
(a) 3 2115 2. НУН,О CH,COCH,COOC;H; KIM 
CH,COCH, <= CH,COCH;COOH 
5 2 
1. МаОСН; 
(p CH;CH;CH;COOCH; р  CH,CH;CH;COCH(C;H соосњ 
ја 2 


1. NaOH 
2.H* 


^ 
CH4CH;,CH;,COCH;CH;CH; =. CH4CH;CH;COCH(C;H;)COOH 


15.39 In all of these reactions one equivalent of benzoic acid is a by-product. 


C,HsCON(CH,), C6HsCOOCeHs 
свом, Eron 
(a) (b 
(СЄН5,СО»О 
(с) (4) 
c d B 
C.HsCOOCH(CH3) CsHsCOOH 
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15.40 
SOCI NH 
а Sx coon — № да NOON 
SOCL C,H,OH 
Ф) CHCOOH — >  C,H,COC| — 3» CH,COOCH; 
pyridine 
1. Br/P SOCI 
© CH,CH,COOH >  CH,CHBrICOOH —— > CH, CHBrCOC! 
а NH; 
CH4CHNH;CONH; == 
15.41 
г) 1. Mg/ether C;H,OH 
a) СН ———9 CHBr: ——== => y 
(a) 6Н6 ЕеВг; eris Dr 2.СО, CsH;COOH H* CgH5COOC3H; 
3. H*/H,0 
HNO 1. Mg/ether 
«о Ce 05 ond Vos му ом 4 Y 
H,SO, ? 2. CO; N COOH 
3. Н*/Н2О 
NH SOCI | 
on У CONH, E. ол у СОСІ 2 
Br; 
(о) C> à C» 1. Mg/ether (У соон CH,OH 
hv 2. CO, H* 
3.H*/H0 
( )- соосн, 
1.0 CHO HNO, COOH CH30H COOCH 
d ——À—M > PALO NM 3 
oQ 2. Zn/H,0 @ COOH у COOCH, 
15.42 


М 
CsHsCOOH + но-( ) => ccoo Y 
SOCL, po 


C6H5COCI 
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15.43 The key to using the Claisen condensation for synthesis is to first envision the B-ketoacid 
from which the product ketone could be obtained by decarboxylation—remember that 
carbon dioxide will be lost from a B-position. The result of this thinking is illustrated in 
the retrosyntheses outlined in parts (a) and (b). Then it should be clear where the new 
carbon-carbon bond should be formed in the Claisen condensation itself, as indicated in (a) 
by the location of the dotted line. Envisioning the two fragments separated by the dotted 
line will indicate the two esters which must be used in the Claisen condensation. 


(а) CH4CH;CH,COCH;CH,CH, ===>  CH4CH,CH;CO—- CH(COOH)CH;CH; 


1. МаОСН» 
CH,CH,CH,COOCH; _ C,H,COCH(COOCH4)C;Hs 
2. H*/HO 
^ 
C;H/COCGH; = — CH, COCH(COOH)CH; : eog 


(b) C,H,CH,COCH,C,H, ===> C,H,CH,COCH(COOH)C,H, == C,H,CH,COOCH, 


1. NaOCH, 


CgH4,CH;COOCH; CgH;CH;COCH(COOH)C$H; 
2. H*/H,0 
1. NaOH 
2. H+/H,O 
A 
CgH,CH,COCH,C,H, со;  CoHsCH,COCH(COOH)C Hs 
15.44 
COOH COOH 
СК, we CX 
OH pyridine OOCCH; 

salicylic acid aspirin (acetylsalicylic acid) 

15.45 
COOH COOCH, 
C эе С 
OH н" он 

salicylic acid oil of wintergreen (methyl salicylate) 

15.46 
COOH COCI CON(C;H;), 
ol SOCL С (С.Н, МН 
CH; CH; CH; 
m-toluic acid N,N-diethyl-m-toluamide ("Off") 
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DE g © за. E. 
Ser B E 
Cl 
а LCHIGHSCOCT oe 


NHCOCH;CH; 


*15.47 


propanil 


15.48 Aspartame has an ester group and an amide group that are both susceptible to hydrolysis. 


C,H,CH,CH(COOCH,)NHCOCH(NH,)CH,COOH 


НСІ (Aspartame) 
H,O 
CsHsCH,CH(COOH)NH, + HOOCCH(NH2)CH,COOH + СНЗОН 
phenylalanine aspartic acid methanol 
*15.49 
CH, CH; CH, 
CHE 
som 
toluene NO, NH, NHCOCH, 
p-toluidine 
COOC,H, COOH COOH 
» C)H;OH Q H*/H,O » KMnO, 
== a — — 
H* A 
NH, NH, NHCOCH,; 
benzocaine p-acetamidobenzoic acid 
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*15.50 
CH, COOH COOCH;CH;CI 
KMnO, HOCH;CH;CI 
^ T “а 
NO; NO; NO, Fe 
НСІ 
COOCH;CH;N(C;H3), COOCH;CH;CI 


(C; H9, NH » 
NH, 


NH, 
novocain 


15.51 The concept of retrosynthesis can be applied to piecing together the structure of an unknown 
such as atropine. First write the structure you are given then to the right and using the 
retrosynthesis "arrow" write the structure from which the former must have been derived. 
A key concept is to realize that tropine must have a symmetrical structure (it is not an 
enantiomer —its mirror image is superimposable), and the hydroxyl can therefore only be 
in the position shown, not one position to the right or left. Because tropine is obtained by 
hydrolysis, and the other fragment was a carboxylic acid, atropine must be an ester. 


O 
j po р ===> => 
HC/ "N^ ^ CH,CH 


tropidene HO 
tropine 
CH 
м3 || 
atropine 
OOCCH(CH;OH)CgHs CgH;CH(CH,0H)COO 


*15.52 Although there are many steps in the synthesis of tetracaine from p-toluidine the 
conceptual approach is succinct, involving only two major transformations: alkylate the 
amino group (sequence a), and convert the methyl group to a carboxyl group then to an ester 
(sequence с). 


There is a third sequence required (labeled b) which must be employed to protect the amine 


group while the oxidation occurs, and then deprotect it. Unique is the application of the 
henzyloxy ester group (С6Н5СН2ООС-, abbreviated В2ООС-, and regularly used in 
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peptide synthesis as demonstrated in Section 16.4) which is attached temporarily to the 
amine group to form an amide. The amide group protects the amine and also makes the 
benzene ring less reactive while the strong oxidation of the methyl group is accomplished. 
This benzyloxy group also would normally be left attached until after the final acylation 
reaction and then removed with hydrogen and Raney nickel in a hydrogenolysis reaction 
not discussed to this point. 


(a) Formation of the N-butylamine group: 


CH; CH, CH; 
. C3H;COCI $ ПАН, Q 
— yj 
NH; NHCOC,H; МНСАНо 
p-toluidine 


N-butyl-p-toluidine 


(b) Protection and deprotection of the amine group during oxidation of the methyl group to à 
carboxyl group: 


CH; CH, COOH COOH 
BzOOCCI KMnO, Н, 
— ————»- —=в 
А кам 
NHC,H, N(COOB2)C4Hs N(COOBz)C,H, NHC 4H 
(c) Formation of the ester functional group: 
COOH СОС! COOCH;CH;N(CH3); 
SOCL HOCH,CH2N(CH3)2 
— ы— 
NHC4H; NHC4Hs NHCH;CH;CH;CH; 
N-butyl-p-amino- Tetracaine 


benzoic acid 


A quick reading indicates the following conclusions can be readily drawn: (1) A must be an 
amine because it contains nitrogen and is soluble in acid; (2) there is a carbonyl group present 
as indicated by the IR peak at 1730 cmi (3) A is a di-substituted aromatic because of the 
1Н-ММЕ peak at 7.3 ppm, the area of which must represent four (not two) hydrogens (since 
the NMR integration accounts for ten hydrogens but there are actually twenty present in the 
formula); (4) the compound is an ester or an amide because hydrolysis produces a carboxylic 
acid (C) and an amino-alcohol (B). 


The structure of B can be evolved quickly because it can be synthesized by reaction of 
diethylamine (a nucleophile) with ethylene oxide, a typical ring opening reaction which 


should produce 2-(N,N-diethylamino)ethanol. The IR and 1Н-ММЕ data are consistent 
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with this structure for B: typical quartet and triplet for ethyl groups, triplets for the two 
methylene groups, and singlet for the hydroxyl group, also confirmed by the IR peak at 3300 


cm1. In view of this structure, and the information that it was obtained by hydrolysis of 
A, the latter can only be an ester with a tertiary amine group present (not an amide, because 
an amine must be primary or secondary to participate in amide formation, and an amide 
would not be soluble in dilute acid). 


(OHS;bNH + X7 — (С›Н5»МСН2СН2ОН 
о В 


н У соон нм X COOCH,CH;N(C;Hs) 
c A 


Since С is soluble in both acid and base it must be amphoteric (i.e., have an acidic carboxyl 
group and a basic amine group). Consideration of the formula of C (C7H702N), and 
recognition from the 1H-NMR that C must be a disubstituted benzenoid compound, means 
that C can only be an aminobenzoic acid (the 1H-NMR peaks and relative areas are 


consistent with this conclusion). The 13C-NMR is consistent with the relative positions of 
the carboxyl and amino groups being para. Therefore, C is p-aminobenzoic acid. 


Since A afforded B and C upon hydrolysis, and since A can only be an ester, application of 
retrosynthetic thinking indicates that the structure of A is as shown above. Re-checking 


the 1H-NMR and IR data for A indicates it is consistent with this structure. 


The HDI of the two C9H10O2 isomers is five. These five "unsaturations" are accounted for 


by the presence of an aromatic ring (1H-NMR peaks at 7.2-7.3 ppm; IR peak at 1600 eme) 


and a carbonyl group (1675 стг). These two groups account for seven of the nine carbons in 
each compound. The fact that both X and Y are hydrolyzed to afford a carboxylic acid and 
methanol indicates both are methyl esters. Therefore, only one other carbon atom can be 


present in each. The 1H-NMR indicates X has a di-substituted phenyl ring (only four 
aromatic hydrogens) which must carry a methyl group and a carboxylate group. The 


13C-NMR data indicates X is para substituted and therefore must be methyl p-toluate. The 


1H-NMR of Y indicates five aromatic hydrogens so the additional carbon must be a 
methylene group between the carboxylate group and the phenyl ring. Therefore, Y must be 
methyl phenylacetate. 


cut Y- COOCH, {у CH,COOCH, 


X Y 


The HDI of С5Н8Од is two, consistent with rings, alkenes, an alkyne, or carbonyl groups. 
The IR peak at 1740 cm. indicates a carbonyl group but no alkene or alkyne are detectable. 
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The !H-NMR integration of 1:3 indicates there must be two hydrogens of one kind and six of 
another kind, and the fact that all the peaks are singlets indicates there are no adjacent 
hydrogens. The downfield location of the two NMR peaks indicates both groups are 


_ attached to electron withdrawing groups, which, in view of the formula, could be oxygen or 


carbonyl groups. The number of oxygens in the compound argues for considering the presence 
of two ester groups, probably -COOCH3 groups. Since the compound must be somewhat 
symmetrical (in view of the paucity of TH-NMR peaks for ten hydrogens) the only feasible 
structure is dimethyl malonate, CH2(COOCH3)2. 


The formula of compound А (С11Н1402) indicates an HDI of five. The IR peak at 1690 cm 
and the absence of reactions with the listed reagents (which detect hydroxyl, aldehyde, 
and ketone groups) indicates the functional group probably is an ester which accounts for 
both oxygens. This is confirmed by hydrolysis to a carboxylic acid (B) and an alcohol (C). 
C must be isopropyl alcohol ((CH3)2CHOH) in order to be oxidized to acetone 
(CH3COCH3). The lH-NMR peak of area = 5 indicates B is a mono-substituted benzene 
derivative which also is a carboxylic acid with one additional carbon unaccounted for. С 
can only be phenylacetic acid (CcH5CH2COOH) which is consistent with the 1H-NMR 
spectrum. Therefore, А is isopropyl phenylacetate, CgH5CH2COOCH(CH3)2. 


Compound D, an isomer of A in the preceding problem, also appears to be an ester in view of 
the absence of hydroxyl, aldehyde, ketone, and carboxylic acid functions. However, the 
1H-NMR peak of area 4 at 7.2 ppm indicates it contains a di-substituted benzene structure. 
Confirmation of the ester function comes from its hydrolysis to a carboxylic acid (E) and an 
alcohol (F). Since the alcohol (F) is a C2 alcohol (determined by difference from D since E 
is a C9 compound) it can only be ethanol and this is confirmed by the presence of a typical 
ethyl splitting pattern (quartet at 4.0 ppm and triplet at 1.1 ppm) in D. Since the strong 
oxidation of E, expected to remove any alkyl side chains, produces a Cg di-acid, only a 
single carbon was lost and the product must be a benzene dicarboxylic acid (G). Thus, E can 
only be an ethyl benzoic acid (С2Н5С6Н4СООН) or a tolyacetic acid 
(CH3C6H4CH2COOR). The lH-NMR, in view of the two alkyl singlets with a ratio of 
3:2, clearly indicates E is the latter. The relative position of the two carboxylic acid 
substituents on the benzene ring in G must be ortho as indicated by the ability of the 
compound to lose water upon heating, forming a cyclic anhydride (H). Therefore, D is ethyl 
o-tolyacetate. 


CY CH,COOCH,CH, CX CH,COOH COOH Cr 5 
CH, CH; COOH сб 
р Е G H 


The }H-NMR peak at 0.9 ppm indicates there are nine unsplit methyl hydrogens, typical 
of a t-butyl group, (CH3)3C- (note that the NMR peak areas are in the ratio 1:3, but since 


the compound has 12 hydrogens the ratio must be converted to 3:9). That leaves only two 
carbons unaccounted for, one of which is probably a carbonyl carbon (C6H1202 has ап HDI 


of one). The remaining carbon must be a methyl group attached to an electronegative group 
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(unsplit peak at 3.5 ppm). This is the pattern expected for a methyl ester. Therefore, the 
compound is methyl 2,2-dimethylpropanoate, (CH3)3CCOOCH3. 


| VI. Conceptual Problem 


Fat Free But Not Necessarily Calorie Free 


he science reporter for the local newspaper is doing a story about the zero-calorie fat 
substitute Olestra. She wants to get some background information from a food scientist and so 
she calls you. You arrange to meet over lunch. She brings with her a chemist's report that 


shows three chemical structures: 


о. ote © 
сй, Сей, 


Molecule of Olestra 


Molecule of olive oil Molecule of corn oil 


№ She can see the structural similarities between the molecules of olive oil and corn oil. And it's 
clear that the Olestra molecule is quite different. She asks you how a chemist would describe the 
differences. 

• Ans: What is common to each is that they are esters (formed from reaction of an alcohol and a 
carboxylic acid), and the carboxylic acids in each are the long fatty acid “tails.” You note that 
olive oil and corn oil have three such "tails" whereas the Olestra molecule shown has six. The 
important difference is in the "backbone" which holds the tails together - the glycerol of olive 


oil and corn oil versus the sugar (sucrose) of Olestra. 


E The reporter recalls some earlier reporting she did on the cancer-fighting drug paclitaxel. In that 
case, at least, the sheer size and complexity of the molecule made it very difficult to synthesize. 
She knows already that a molecule of olestra is about the same size, yet Proctor & Gamble can 
make olestra by the ton. What's the difference? 

* Ans: Every part of the structure of paclitaxel is different from every other part, making the 
molecule very difficult to assemble from its many building blocks. Olestra has only two building 
blocks, sucrose and fatty acids, both ot which are inexpensive and widely available. In 
addition, it is chemically easy to react the two together to make olestra. 
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Ш Digestive enzymes break up fats into glycerol and fatty acids easily enough, but they don't break 
up olestra into sucrose and fatty acids, even though they're both esters. That seems odd. Why 
should it happen that way? 

• Ans: Enzymes are very specific in that they will react with specific kinds of compounds, 
sometimes even specific to a single molecule. Small differences in molecular size or shape can 
slow or prevent enzyme-catalysis of a reaction. The size and shape of olestra is so different from 
other fats that the hydrolytic enzymes cannot break the ester linkages. You will see further 
examples in the next chapter, which discusses proteins (including enzymes). 


Ш Olestra products are required to be fortified with Vitamins A, D, E, and K because Olestra makes 
it hard for the body to absorb these fat-soluble vitamins. Obviously ordinary fats don't cause the 
same problem. Why is that? 

• Ans: Digestive enzymes in the intestine will break up the triglyceride molecules of corn oil or 
olive oil. In the process, any dissolved fat-soluble vitamins are released and so absorbed 
independently. Olestra molecules remain intact as they pass through the digestive system, and 
that means lipophilic vitamin molecules can remain dissolved in the fat and not be released. 


Ш It seems contradictory to say that Olestra is fat free and and has no calories when in fact it is 
made from sugar and fat. How do you explain this? 
• Ans: Olestra is not fat-free; it is a fat. It is calorie-free because the Olestra passes through the 
body undigested - it's like mineral oil and cellulose (dietary fiber) in that respect. This means 
that it is not metabolized and therefore provides no energy. 


№ The reporter has come up with a catchy title for her piece, "Olestra: A Polyester You Can Eat.” 
She asks how you like it? 


• Ans: Olestra, technically speaking, is not a polyester as usually described (polyester often 
meaning a polymer which is a polyester). Olestra is a mixture of hexa-, hepta-, and 
predominantly octa-esters. The language of chemistry is important, certainly when chemists are 
communicating with other chemists. 


W Is it important here? 
* Ans: Yes. The reporter has the responsibility to get it right since most people will assume that 
the information in the article is correct. 
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16.5.1 Biological Catalysts 
16.5.2 Coenzymes 


polyamides. It also describes the compounds that are the building blocks for 


Te chapter introduces the chemistry of proteins, biologically important 
proteins, the a-amino acids. 


"И. Learning Objectives 


e Know the general structure, including stereochemistry, of o-amino acids and 
recognize their common names. Understand the use of three-letter abbreviations. 


* Understand the amphoteric character of a-amino acids and the existence of 
zwitterions. 
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* Be able to draw the structures of а-апипо acids in solutions of differing pH, and be able to show 
how the structure changes as the pH of a solution is changed. 


* Write equations for the synthesis of o-amino acids from o-bromocarboxylic acids and from 
aldehydes. 


e Write equations for conversion of an o-amino acid to its ester and to an N-acyl derivative (amide). 
* Describe a peptide and a peptide bond. 
* Describe what is meant by the primary structure of a protein. 


* Write an equation for the complete hydrolysis of a small peptide into its constituent o-amino 
acids. 


* Understand the concept of end-group analysis of proteins. 
• Understand the concept of fragment analysis of proteins. 


* From hydrolysis information and end-group analysis information be able to deduce the structure 
of a peptide or small protein. 


* Understand the classification of proteins by composition, by shape, and by function. 


* Be able to describe the secondary, tertiary, and quaternary structures of proteins. Be able to show 
the role of hydrogen bonding in protein structure. 


* Be able to distinguish between the fibrous and globular structure of proteins, and the implications 
of these structures for biological function. 


* Write equations for the protection of an a-amino acid prior to its use in peptide synthesis. 


* Be able to show the synthesis of di- and tri-peptides using the appropriately protected a-amino 
acids. 


* Understand the role of enzymes in biological systems and the concept of an "active site" in the 
enzyme. 


* Understand the role of co-enzymes in biological systems. 


S 


||. Glossary 
Q-amino acid an alkanoic acid with an amino group attached to carbon 2 (the a-carbon) 


a-helix one of two secondary structures of proteins in which the polypeptide chain coils into a 
right-handed spiral 
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amphoteric a compound that contains both acidic and basic groups. o-Amino acids are amphoteric 
because of the presence of the acidic carboxyl group and the basic amino group 


C-terminus the o-amino acid at the end of a peptide chain which has the free carboxyl group 


coenzyme the non-protein portion of an enzyme which usually is the chemically active portion of 
the enzyme 


competitive inhibitor a compound that competes with a normal substrate for complexation at the 
active site of an enzyme 


conjugated protein a protein which also contains a non-protein group attached to it 


convergent synthesis the synthesis of larger peptides by the coupling together of two or more small 
peptides 


DCC  dicyclohexylcarbodiimide, a reagent used to form a peptide bond between two protected 


Q-amino acids 


denaturation the process by which a protein is unfolded from its tertiary structure, thereby losing 
its biological activity 


deprotection removal of a protecting group that prevented reaction at a functional group 


dipeptide a compound comprised of two o-amino acids connected through an amide (peptide) 
bond 


Edman degradation a means of determining which o-amino acid is at the N-terminus of a protein 
or peptide by reaction with phenyl isocyanate to form a phenylthiohydantoin derivative of that 
o-amino acid 


end-group analysis determination of which a-amino acids are at the two ends of a protein or 
peptide chain 


enzyme a chemical in a biological system which serves as a catalyst to accomplish a chemical 
reaction under conditions present in the living organism. Enzymes are totally or partially protein in 
composition 


essential а-апипо acid an a-amino acid which can only be supplied to the body through diet— 
it cannot be synthesized in the body 


fibrous protein a protein which contains chains of polypeptides aligned parallel to each other, 
resembling a multi-wound fiber bundle, and which is insoluble in water 


fragment analysis analysis of protein or peptide structure by hydrolyzing peptide bonds to 
produce smaller fragments of peptide 


globular protein a protein which is coiled into a compact approximately spherical shape and is 
soluble in water 


hydrogenolysis the cleavage of a bond by the addition of a hydrogen atom to each fragment at the 
point of cleavage 


isoelectric point pl, a pH value which is the average of the pK, values for the carboxyl group and 
the ammonium group in an o-amino acid. At the pI value the concentration of the zwitterion form 
of the a-amino acid will be at its maximum 
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linear synthesis the synthesis of peptides by sequentially adding one o-amino acid to the growing 
peptide chain, forming one peptide bond at a time 


macromolecule a very large molecule, some of which are polymers of one-to-three different 
monomers (such as starch or ABS plastic), but others involve the connection between a large number 
of different, structurally-related, simple compounds (such as a protein) 


. N-terminus the o-amino acid at the end of a peptide chain which has a free amino group 


peptide a compound in which two or more a-amino acids are connected through an amide 
(peptide) bond(s) 


peptide bond an amide bond connecting two a-amino acids 


pleated sheet one of two secondary structures of proteins in which two chains of polypeptide are 
aligned parallel to each other with the N-terminus adjacent to the C-terminus 


polyamide a compound which contains a large number of amide groups 


polypeptide a compound containing a large number of a-amino acids connected by peptide 
(amide) bonds 


primary structure of a protein the sequence in which the a-amino acids are connected to each other 


protection the reaction of a functional group with another entity which forms a new compound 
in which the original functional group is precluded from undergoing its normal reactions. A 
temporary masking of a functional group 


protein a polypeptide which normally has a specific biological function 


quaternary structure of a protein the organization of globular proteins into aggregates or 
assemblies of protein 


secondary structure of a protein how an individual protein chain is arranged in space, usually in 
either an a-helix or in a pleated sheet structure 


sequence analysis determination of the sequence in which o-amino acids are connected in peptides 
and proteins 


simple protein a protein consisting only of a-amino acids 


solid phase synthesis the synthesis of peptides from o-amino acids by growing the chain from a 
solid polymer support 


solution synthesis the synthesis of peptides from o-amino acids by forming peptide bonds in 
solution 


Strecker synthesis a synthesis of o-amino acids from aldehydes through addition of ammonia and 
HCN to form an a-aminonitrile which is then hydrolyzed to the o-amino acid 


tertiary structure of a protein the overall shape of a protein molecule, specifically how helices or 
pleated sheets are folded. The tertiary structure is either elongated (fibrous) or folded (globular) 


zwitterion a form of a-amino acid containing a carboxylate anion and an ammonium cation. The 
acidic and basic groups have undergone a proton transfer 
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& VI. Solutions to Problems 
For "How to Solve a Problem," review page 589. 
161 The priorities of the substituent groups about the stereocenter of alanine are a = amino, 


b = carboxyl, c = methyl, d = hydrogen. D-alanine requires the R-configuration with the 
substituents arranged in a clockwise manner about the stereocenter. 


H 
D-alanine 
(R-configuration) CH; «3 NH, 
HOOC 
16.2 
CH, CH,Br CH;CN CH;COOH 
H*/H,0 
* (a) С Br, С) NaCN Ó 2 » 
hv 
toluene 
H,N— CH — COOH Br - СНСООН 
NH, 1. Вг/Р 
2. H*/H,O 
a-Aminophenylacetic acid 
CHO H,N— CHCN H,N— CH — COOH 
NH; H*/H,O 
"Tom CO = 
HCN 
benzaldehyde a-Aminophenylacetic acid 


16.3 Since the molecular weight of the peptide (323) is equal to the sum of the molecular 
weights of its three a-amino acid constituents (89 + 115 + 155 = 359) less two molecules of 
water (36), the peptide contains only one of each a-amino acid. Since each o-amino acid 
can be either C-terminal or N-terminal there are six peptides that must be considered as 
possible structures. They are in three sets of two depending on which is at the N-terminus 
and which is at the C-terminus. The possible peptides are 


Ala-His-Pro  Pro-His-Ala  His-Pro-Ala 
Ala-Pro-His  Pro-Ala-His Ніѕ-А1а-Рго 
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For the tetrapeptide His-Lys-Phe-Leu: 


(а) the Edman cleavage removes the N-terminus a-amino acid which in this case is His. 
(b) trypsin cleaves a peptide at a lysine carboxyl group. In this case the two fragments from 
trypsin cleavage are His-Lys and Phe-Leu. 


AAAA analysis indicated the presence of seven o-amino acids. Thus, the peptide is а 
heptapeptide. The sequence is determined by lining up the fragments such that the 
components overlap. 


Arg — Gly — Pro 
Pro — Pro 


Pro— Phe — Пе — Val 
Arg — Gly — Pro— Pro — Phe — Пе — Val 


This heptapeptide fits the AAAA analysis of Arg, Gly, Ile, Phe, Pro2, and Val. 


Since the peptide is Val-Phe, Val is the N-terminus, requiring that during the synthesis its 
amino group be protected. Similarly, since Phe is the C-terminus, its carboxyl group must be 
protected. Therefore, the first steps of the synthesis require that N-protected Val and C- 
protected Phe be prepared. Only then can the two protected а-апипо acids be condensed to 
a dipeptide using DCC. The final step will be deprotecting the dipeptide. 


NH NHCOOBz 
^ BzOCOCI 
———— > 
COOH COOH 
valine N-protected valine DCC 
МН, NH, 
BzOH 
phenylalanine C-protected phenylalanine 
NH2 a "T NHCOOBz 
6745 2 H 
СООН COOBz 
Val-Phe 


To absorb in the UV compounds must have conjugation such as in a polyene or in an aromatic 
group (see Section 11.4). Only four o-amino acids, all of which have aromatic components 
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in their structures, should absorb in the UV: phenylalanine, tyrosine, tryptophan, and 


histidine. 
(у CH;CH(NH;)COOH HO < M CH;CH(NH;)COOH 
phenylalanine tyrosine 
—N 
N "y 
7 Í 
CH,CH(NH,)COOH CH;CH(NH;)COOH 
tryptophan histidine 
16.8 
NaOH 


(à CQH,CH,CHNH,COOH ——— СеН5СН:СНМН:СОО Na 


НСІ + is 
(b C,H,CH;CHNH,COOH ———» C,H,CH,CHNH,COOH С! 
C,H,COCI 


(c) CQH.CH,CHNH,COOH — idine 


C,H,CH,CH(NHCOC,H;)COOH 


(CH,CO),0 
(d) CgH,CH,CHNH,COOH —————» — C,H,CH,CH(NHCOCH;)COOH 


1. SOCI 
(е) CéHsCH,CH(NHCOCH;)COOH 1.5066 X сењењененсосњусоосн, 


2. C2H;OH 


16.9 In designing these syntheses it is essential to determine whether а homologation is required. 
If so, the Strecker synthesis must be used, as for the synthesis of alanine. If not, the 
a-bromination of the carboxylic acid, followed by amination with ammonia, is the 
appropriate route. Phenylalanine and aspartic acid can be synthesized by this route. 


HCN H*/H,0 
(а) CH,CHO ——d» CH,CHNH,CN ——— CH;CHNH,COOH 


acetaldehyde 3 alanine 


1. Вг/Р. МН» 
(b) CgHSCH;CH;COOH ————3» C,H;CH,CHBrCOOH 
NONE /H,0 у 
3-phenylpropanoic acid 
С6Н5СН.СНМН.СООН 
phenylalanine 


1. Вг/Р NH, 
(с) HOOCCH,CH,COOH ATE HOOCCH,CHBrCOOH d 


succinic acid 


HOOCCH;CHNH;COOH 
aspartic acid 
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*16.10 It is essential to protect the amino group of 6-aminohexanoic acid before brominating, and 
this is accomplished by converting it to an amide. After the bromination, SN2 amination 


attaches the 2-amine group, then the 6-amine group is de-protected by hydrolysis to the 
6-amine. 


CH;COCI 1. Вго/Р 
H;N(CH;&COOH — —À9 | CH4CONH(CH;SCOOH 


| . : 2. Н/Н2О 
6-aminohexanoic acid 


NH 
CH,CONH(CH;4CHNH;COOH -«——-  CH4CONH(CH;)4CHBrCOOH 


| H*/H;O 
H;N(CH;4CHNH;COOH 


lysine 


16.11 Only three a-amino acids have more than one stereocenter (a carbon with four different 
groups attached) and they are isoleucine (Ile), threonine (Thr), and hydroxyproline (Hyp). 


COOH 
CH3CH2CH(CH3)CH(NH2)COOH . CH4CH(OH)CH(NH;)COOH HO Pat 
isoleucine threonine hydroxyproline 


16.12 At pH 2 (strongly acidic) all of the basic groups will be protonated. At pH 13 (strongly 
basic) all of the acidic groups will be deprotonated. 


+ = 
(а) H3NCH,COOH H2NCH;COO 
glycine at pH 2 glycine at pH 13 

* = M 

(b) | H4NCH(COOH)CH;COOH OOCCH(NH;)CH;COO 
aspartic acid at pH 2 aspartic acid at pH 13 

+ + _ 

(с) | H9NCH(COOHYCH;4NHs4 H;NCH(COO)(CH5)4NH; 
lysine at pH 2 


lysine at pH 13 
16.13 


* = 
(a) HjNCH(CHCOOH  ——— HNCH(CH3)COO 


alanine 
COOH COO _ 
(b) ( | H A ( мн 
ргойпе 


320 


Chapter 16 Proteins 


1614  Asthe pH is gradually increased (the solution is made more basic) the most acidic proton is 
removed first, and the least acidic is removed last. The order of decreasing acidity is 
carboxyl group (2.2), ammonium group (9.1), and phenolic group(10.1). 


COOH А Coo 
7 H 7 
HO <p CH,CH. + ee но <) CHCH + 
мн» ~ NH, 
Ka = 2.2 Ka=9.1 
pisa raise pH P 
coo 
_ P4 coo raise pH и 
о CH,CH ча HO <) ое 
~ NH, ~ NH, 
рКа = 10.1 


16.15 The pK, of the carboxy] group is lower (that is, the group is more acidic) in the protonated 
form of alanine (+НЗМСН(СНЗ)СООН, pKa 2.3) than in propanoic acid (CH3CH2COOH, 
pKa 4.9) because the positively-charged ammonium group is electron withdrawing, 
providing stability for the negatively charged carboxylate anion. In propanoic acid there 


is no such stabilization for the carboxylate anion. The pK, of 9.4 in alanine is from loss of 
the proton from the ammonium group. 


16.16 Acetic anhydride is an effective acetylating agent and it can acetylate amino and hydroxyl 


groups (ammonolysis and alcoholysis, respectively, of an anhydride, see Section 15.2.2). In 
the case of serine the amino group is acetylated to an amide and the hydroxyl] group is 
acetylated to an ester. 


(CH,CO),0 
H,NCH(COOH)CH;OH 9————3» —CH;CONHCH(COOH)CH,00CCH; 


16.17 By "stacking the fragments" the nonapeptide bradykinin is determined to be 
ArgProProGlyPheSerProPheA rg. 


Phe — Ser Phe — Arg 


Ser — Pro — Phe 
Pro — Gly — Phe 
Pro — Pro 
Arg — Pro 


а 


Arg — Pro — Pro — Gly — Phe— Ser — Pro — Phe — Arg 


321 


16.18 


16.19 


16.20 


*16.21 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


(a) Gly-Ser © H;NCH;CONHCH(COOH)CH,OH 

(b) Ala-Phe-Val | HONCH(CH3)CONHCH(CH;C4H;)CONHCH(COOH)CH(CH; > 

(с)  Lys-Gly-Cys | HuN(CH)4CH(NH;)CONHCH;CONHCH(COOH)CH;SH 

The hydrolysis will cleave the peptide (amide) bond and produce glycine and alanine. 


Since the hydrolysis solution is acidic, both a-amino acids will be in their fully protonated 
form. 


* * 
H,NCH,CONHCH(CH,)COOH -HCl H,NCH;COOH + H,NCH(CHjCOOH 
2 
Gly-Ala Gly Ala 


A total of six different tri-peptides can be envisioned. There are two with each peptide at 
the N-terminus and two with each peptide at the C-terminus. The peptides are as follows: 


GlyAlaPhe AlaGlyPhe PheAlaGly 
GlyPheAla AlaPheGly PheGlyAla 


The secret to solving a peptide synthesis involves four actual or conceptual steps: (1) write 
the dipeptide structure with the two a-amino acids connected in their proper relative 
positions, the N-terminal a-amino acid on the left: 


HjNCH(CH43)CONHCH(CH;C$H ;)СООН 
AlaPhe 


(2) recognize that the а-апипо group and carboxy] group to be involved in the formation of 
the peptide bond (that is, connected by the condensation step) can be connected using DCC in 
a condensation step, (3) recognize that all other amino and carboxyl groups must be 
protected before the condensation reaction is conducted, and (4) after the condensation all of 
the protected groups must be deprotected. 


H,NCH(CH;)COOH H,NCH(CH,C,H,)COOH 
Ala Phe 
Protection BzOOCCI BzOH 
H ДЕ 
BzOOCNHCH(CH4)COOH H,NCH(CH,C,H,)COOBz 
[Бе аз 4 = 2] 
Condensation p 


BzOOCNHCH(CH3)CONHCH(CH)C,H;)COOBz 


H,/Pd 
Deprotection 


H;NCH(CH;)CONHCH(CH;C,H;)COOH 
AlaPhe 
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16.22 The free amino group of protected phenylalanine will carry out a nucleophilic acyl 
substitution (ammonolysis) on the ester group of alanine. The benzyloxy protecting groups 
are then removed by hydrogenolysis. 


CsHsCH,OOCNHCH(CH;)COOCH; + H3NCH(CH;C6H5)COOCH;CgH; 


j - CHOH 


C&HCH;0OCNHCH(CH)JCONHCH(CH;CeHs)COOCH;CeHs 


| H,/Pd 


H,NCH(CH,)CONHCH(CH,C,H,)COOH 
AlaPhe 


16.23 (а) A peptide bond is the amide bond (CO-NH) resulting from a dehydration between 
two a-amino acids, such as in Gly-Ala and shown as a dash in bold type 
H,NCH,CO-NHCH(CH3)COOH. 


(b) An essential a-amino acid is one which the body cannot synthesize. Therefore it must be 
supplied in the diet. There are eight such a-amino acids, an example being lysine. 


(c) A zwitterion is the form in which an a-amino acid exists at the isoelectric point, half 
way between the pK,s of the ammonium group and the carboxyl group. It carries a positive 
charge on the amino group (ammonium) and a negative charge on the carboxyl group. An 
example is the zwitterion of glycine, “H,;NCH,COO’. 


(d) An amphoteric compound is one which can function as an acid and as а base. o-Amino 
acids are ampotheric because they contain the basic amino group and the acidic carboxyl 
group. Another example is p-aminobenzoic acid (H,NC,H,COOH). 


(е) A tripeptide is a di-amide formed from three o-amino acids. An example is 
Gly-Ala-Ser. 


(f) The L-configuration of о-апипо acids is the older description of their configuration 
relative to the configuration of the carbohydrates which were D. The L-configuration is a 
S-configuration in modern terms (except for cysteine). An example of an L-amino acid is 


L-alanine: 
L-alanine Н 
(S-configuration) 
НООС ти У. 
cu ^N 
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(a) Proteins differ in composition depending on whether they consist entirely of o-amino 
acids (simple proteins) or whether they also include a non-o-amino acid compound 
(conjugated protein), such as a glycoprotein, a lipoprotein, or a nucleoprotein. 


(b) Proteins differ in their shape and are classified as fibrous or as globular 


(c) Proteins differ in their functions which include roles such as enzymes, structural, and 
hormonal proteins. 


The primary structure of a protein is the sequence of o-amino acids which are connected via 
peptide linkages. 


The secondary structure of proteins is determined by hydrogen bonding, mainly between 
amide groups. The two usual structures are the a-helix and the pleated sheet structures. 


In hydrogen bonding between peptide chains the electron donor group is the carbonyl group 
in the amide function and the electron acceptor is the hydrogen located on the amide 
nitrogen. 


$5 N / bd 
Cz О------ H—N 
4 N 
H—N у” 
y hydrogen bond 


(a) Fibrous proteins are water-insoluble (hydrophobic) so the chemical groups on the 
outer surface of the protein are hydrophobic groups. In a-amino acids (RCHNH2COOH) 
non-polar R groups such as methyl (alanine), isopropyl (valine), isobutyl (leucine), sec- 
butyl (isoleucine), and benzyl (phenylalanine) are hydrophobic. 


(b) Globular proteins are water-soluble (hydrophilic) so the chemical groups on the outer 
surface of the protein are polar hydrophilic groups, those which can hydrogen bond with 
water and thereby promote solubility. Exemplary groups are hydroxyl (serine, threonine 
and tyrosine), sulfhydryl (cysteine), carboxyl (aspartic acid and glutamic acid), and amino 
(lysine, arginine, and histidine). 


Enzymes are globular proteins because they carry out their catalysis of reactions in an 
aqueous solution, whether in the cell, the intestines, or in the mouth. Thus, they must be 
hydrophilic. 


Denaturation of a protein means the destruction of its ability to perform its biological 
function even though its primary and even secondary structure may be unchanged. 
Denaturation occurs by the shape of the protein being changed—the protein unfolds and 
loses its characteristic tertiary structure. The process of denaturation normally is not 
reversible. 
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16.31 Hemoglobin contains the protein globin that has a tertiary structure which is globular. The 
quaternary structure of hemoglobin refers to the fact that hemoglobin exists normally as an 
aggregate of four separate globular proteins, each with its attached heme group. 


16.32 An enzyme is a biological catalyst, most of which are proteins. The role of enzymes is to 
catalyze the many reactions required in a living system under modest conditions (about 37°C 
and in aqueous solution). 


16.33 Aco-enzyme is a non-protein portion of a conjugate protein enzyme. It is an essential part of 
the enzyme and usually the chemical change undergone by the enzyme occurs in the co- 
enzyme portion and not in the protein portion. The role of the co-enzyme is to participate in 
the actual chemical reaction undergone during the catalytic process. 


16.34 The active site of an enzyme is that region of the protein molecule to which the substrate 
becomes attached. The protein literally "holds" the substrate in the proper position for it 
to undergo the catalyzed reaction. The active sites and the substrates are very specific. 


16.35 Enzyme-catalyzed reactions usually are stereospecific because the protein is chiral and 
holds the substrate in a specific spatial orientation. This permits the chemical reaction to 
occur from a single and specific orientation of the substrate. For example, the a-carbonyl 
group of pyruvic acid (CH3COCOOH) is reduced enzymatically to lactic acid 


(CH3CH(OH)COOH) to produce only а single enantiomer of the latter. 


, 


ii VII. Conceptual Problem 


A Question of Identity 


ou are a chemical technician, newly employed by a biotechnology start-up company. You are 

asked to start a synthesis of a tripeptide, Gly-Lys-Tyr, which is needed for one of the 

company's hot new research programs. The individual amino acids (Gly, Lys, and Tyr) are 

delivered to your lab in three bottles. However, much to your dismay, the labels are lying at 
the bottom of the tray! Not knowing which label belongs to which bottle, and not wishing to 
appear incapable the first day on the job, you decide to see if you can figure out which bottle 
contains which amino acid. 
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№ What are some of ways that could uniquely identify at least one of the amino acids? 
*Àns: Three methods are readily available: 


1. Determine the optical rotations in a polarimeter. Glycine is optically inactive because it is 


achiral. Tyr and Lys are optically active and would have different optical rotations which 
are reported in the literature. 


2. The 1H-NMR spectra of the compounds are different. Gly is HoNCH2COOH, Lys is 
H2N(CH2)4CH(NH2)COOH, and Tyr is HOCGH4CH2CH(NH92)COOH. The most obvious 
a dn simple differences are that Tyr has aromatic protons and the others do not, and Lys has 
a lot of methylene protons while the others do not. Finally, Gly has the simplest NMR with 
only three kinds of protons. 


3. The three amino acids will have different isoelectric points which can be determined. 


Another task that falls to you is to supervise two premedical students studying a protein in your lab 
during the summer. The protein they are studying has been found to catalyze part of the process of 
oxidizing fatty acid molecules. In preliminary experiments the students found that their protein 
was soluble in water and consisted only of amino acids. 


Ш Classify this protein by (a) composition, (b) shape, and (c) function. 
* Ans: (a)-Because it contains only amino acids, it is a simple protein rather than a conjugated 


protein. (b)-Because it is water-soluble it is most likely a globular protein rather than a fibrous 
protein. (c) Because it catalyzes a reaction it must be an enzyme. 


Ш The protein is soluble in water. You ask them to name three amino acids that might be more than 
usually abundant on the outer surface of this protein. 


• Ans: Any three amino acids that have oxygen or nitrogen in their side chains. These will be 
capable of hydrogen bonding with water, and will aid in making the protein water-soluble. 
Examples are serine, theonine, cycteine, aspartic acid, glutamic acid, lysine, histidine, proline, 
and tyrosine. 
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CHAPTER 


Optical Activity 


|. Textbook Chapter Contents 


17.1 Isomerism Revisited 


17.2 Enantiomers and Optical Activity 


17.21 Enantiomers Revisited 

17.22 Determination of Optical Activity 
Plane-Polarized Light 
Polarimeter 

17.23 Optical Activity of Enantiomers 

17.24 Resolution of Racemates 


17.3 Multiple Stereocenters 


17.31 Acyclic Compounds 
17.3.2 Fischer Projections 
17.3.3 Cyclic Compounds 


17.4 Chemistry of Enantiomers 


17.4.44 Review of Reactions at Stereocenters: 
Inversion, Retention, and Racemization 
17.42 Reaction of Achiral Compounds with Achiral 


Reagents 

17.4.3 Reaction of Achiral Compounds with Chiral 
Reagents 

1744 Reaction of Chiral Compounds with Achiral 
Reagents 


17.5 Stereochemistry of Biological Processes 


his chapter presents a review of the various types of isomerism encountered in 

earlier chapters. It then concentrates on a unique property of enantiomers, that 

of optical activity. It introduces. compounds with multiple stereocenters. Finally 
it illustrates the reactions and synthesis of enantiomers. 


|. Learning Objectives 


* Know the different types of isomers previously discussed: constitutional isomers 
(skeletal, functional group, positional), stereoisomers, conformational isomers, 
configurational isomers, enantiomers, cis-trans isomers. 
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* Given a structural formula, be able to determine which, if any, kinds of isomerism exist for that 
compound. 


* Know the principles of optical activity as exhibited by an enantiomer. 


* Know the principle of the functioning of a polarimeter. Be able to convert an observed rotation 
into a specific rotation. 


* Explain what is meant by the term diastereoisomer. 


* Know the principles and show the equations involved in the resolution of a racemate into its two 
enantiomers using a resolving agent. 


* For a given structure, be able to determine the number of stereocenters present, calculate the 
maximum possible number of configurational isomers, define the kind of stereoisomers present, 
and describe the relationship of enantiomers and diastereoisomers. 


* Explain what is meant by the terms meso isomer and plane of symmetry. 


* Be able to use Fischer projections to represent the structures of configurational isomers containing 
more than one stereocenter. 


* Be able to write a three-dimensional structure for a chiral compound shown in its Fischer 
projection. 


* Be able to predict the stereochemistry of 541 and 5,2 reactions occurring at a stereocenter. 
* Understand the difficulty in producing enantiomers in chemical synthesis. 


* Understand the principles of the reactions of chiral reagents with achiral compounds and of 
achiral reagents with chiral compounds. 


* Understand the role of chiral auxiliaries in producing enantiomeric excesses of enantiomers in 
chemical reactions. 


m Glossary 


absolute configuration the actual arrangement of four substituents about a stereocenter and 
represented by the symbols R or S 


achiral compound a compound not having the characteristic of handedness—its structure is 
superimposable on its mirror image and it usually has a plane of symmetry 


anomers stereoisomeric carbohydrates that differ only in the configuration at an anomeric carbon 


anomeric carbon the hemiacetal carbon in a carbohydrate, about which two configurations may 
exist in equilibrium 
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chiral compound a compound having the property of handedness—its structure is 
non-superimposable on its 
mirror image 


chiral auxiliary an enantiomer that can be temporarily attached to a substrate to make it chiral 
while a reaction is conducted with an achiral reagent. The purpose is to produce a diastereoisomeric 
excess 


chiral drug a drug (medicinal agent or pharmaceutical) which is sold as a single enantiomer rather 
than as a racemate 


chiral reagent a reagent which is chiral 
chirality the property of handedness 


cis-trans isomers configurational isomers that have their substituents attached to the same or 
opposite sides, respectively, of a fixed plane of reference (a ring or a double bond) 


configurational isomers stereoisomers that cannot be interconverted other than by bond-breaking 


conformational isomers stereoisomers that can be interconverted by rotation about one or more 
sigma bonds 


constitutional isomers compounds that share the same molecular formula but have different bond 
connectivities 


dextrorotatory an enantiomer which rotates a beam of plane polarized light to the right (clockwise) 
diastereoisomers configurational isomers which do not have an object-mirror image relationship 


diastereoisomeric excess the percentage by which a reaction produces an excess of one of two 
possible diastereoisomers 


d- and 1- abbreviations for dextrorotatory and levorotatory 
dl-pair a 50:50 mixture of two enantiomers 


enantiomeric excess the percentage by which a reaction produces an excess of one enantiomer over 
the other 


enantiomers two configurational isomers that are chiral and that have an object-mirror image 
relationship. They each have the property of rotating a beam of plane polarized light 


Fischer projection a line drawing of the structure of a compound in two dimensions which implies 
the three-dimensional structure of the compound (horizontal lines represent bonds projecting above 
the paper and vertical lines represent bonds projecting below the paper) 


functional group isomers constitutional isomers in which the difference is the structure of the func- 
tional groups 


isomers compounds that share the same molecular formula but have a different structural formula 


levorotatory an enantiomer which rotates a beam of plane polarized light to the left 
(counterclockwise) 


meso isomer an isomer with two or more stereocenters in which a plane of symmetry exists; it is 
therefore optically inactive 
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mirror image the reflection seen in a mirror when an object (including the model of a compound) is 
held in front of the mirror | 


mutarotation the gradual change of the optical rotation of а compound to an equilibrium rotation 


observed rotation the magnitude and direction in which a solution of a compound rotates plane 
polarized light 


optical activity the property of a compound by which it rotates plane polarized light 


optical purity a percentage indicating the extent to which a sample of an optically active compound 
is a single enantiomer (the remainder is a dl- mixture) 


optically active a compound which rotates a beam of plane polarized light 


plane of symmetry an imaginary plane through a compound in which one half is the mirror image 
of the other half. Such compounds are not enantiomers (that is, they are superimposable on their 
mirror images) 


plane polarized light light in which all the waves vibrate in the same plane 


polarimeter an instrument for passing plane polarized light through a solution of a compound and 
measuring the extent and direction of rotation of that light 


positional isomers constitutional isomers in which the difference is in the position to which 
substituents are attached to the carbon skeleton 


racemate a 50:50 mixture of two enantiomers 
racemic mixture a 50:50 mixture of two enantiomers 


relative configuration the relationship of the configuration about a stereocenter in one compound 
to that about a stereocenter in another compound 


resolution the process by which a dl- (racemic) mixture is separated into the two enantiomers 


resolving agent an enantiomer used to effect a resolution by reacting with a racemate to form a 
mixture of two diastereoisomers which can be separated 


skeletal isomers constitutional isomers in which the difference is in the carbon skeleton 
connectivities 


specific rotation a physical property of a pure optically active compound indicating the magnitude 
and direction of rotation of plane polarized light under standardized conditions 


stereocenter a carbon atom with four different groups attached 


stereoisomers compounds that share the same molecular formula and the same bond connectivities 
but have different spatial arrangements of atoms or groups 


stereospecific synthesis a synthesis whose reactions produce only a single enantiomer. A 
resolution is not needed to obtain the desired product 
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? IV. Solutions to Problems 
For "How to Solve a Problem," review page 627. 


171 The following compounds have a stereocenter which is marked with an asterisk: 


c КА Es 
ж ~ CON(CH), и 


о 
N,N-dimethyl-2-methylbutanamide 3-phenyl-2-butanone 
Ce n 
— Br 
2-vinylcyclohexanone 1,3-dibromocyclohexane 


17.2  Stereocenters are marked with an asterisk: (a) 2-aminopropanoic acid has one stereocenter; 
(b) 2,5-dimethyl-3-hexanone has no stereocenters; (c) 2,3-diphenylbutane has two 
stereocenters; (d) sorbitol (1,2,3,4,5,6-hexahydroxyhexane) has four stereocenters. 


| ҮСҮ 
A COOH О 


2-aminopropanoic acid 2,5-dimethyl-3-hexanone 
Сен; HO OH 
* * OH 
Y * HO * * 
C6H5 HO OH 
2,3-diphenylbutane sorbitol 


17.3 The specific rotation of nicotine is as follows: 
[одр20 = -8.45° + [1 x 5g/100 ml] 


= -845? + [1 x.05 g/ml] 
= -169° 


17.4 The optically active compounds are (R)-2-phenyl-3-hexanone and 
(S)-2-methylcyclohexanone. The optically inactive compounds are dl-2-chloropentane 
(it is a racemic mixture), methyl (+)2-(N-methylamino)propanoate (it is a racemic 
mixture), and potassium 4-nitrobenzoate (it does not have a stereocenter). 
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17.5 An appropriate resolving agent is one which will (1) react with the compound to be 
resolved to form a new compound (diastereoisomers) which can be separated by normal 
chemical means, and (2) the diastereoisomers can be re-converted to the original compound 


by a simple process. Appropriate resolving agents are as follows (R* represents a group 
with a stereocenter): 


(a) a carboxylic acid to form diastereoisomeric esters: 


| Za 
СН.СН.— c — OH * R*COOH  —»-  CH;CH;— се O—C—R* 
CH; enantiomeric acid CH; 
racemic 2-butanol diastereoisomeric esters 


(b) an alcohol to form diastereoisomeric esters, an amine to form diastereoisomeric 
ammonium salts, or a carboxylic acid to form different diastereoisomeric ammonium salts: 


H 


R*OH H* 


| 
СН; — d COOR* 
NH, 


diastereoisomeric esters 


enantiomeric 
alcohol 


H 
| 


СН; — с — СООН 
NH; 


racemic a-amino- 
phenylacetic acid 


] 
СН; — c= СОО R*NH;* 


NH; 
diatereoisomeric ammonium salts 


R*NH, 


enantiomeric 
amine 


H 
| 
СН; ~ С — COOH  R*COO _ 


enantiomeric acid + NH; 


diastereoisomeric ammonium salts 
(c) an amine to form diastereoisomeric imines: 


н н H H 

! | R*NH? | Ц 
СЊСЊ—С— C=0 - - - CHCH, — C — C=NR* 

| enantiomeric amine | 

сн, CH; 


racemic 2-methylbutanal diastereoisomeric imines 


(а) a carboxylic acid to form diastereoisomeric ammonium salts: 


R*COOH + - 
Nọ? ——————3- NH, R*COO 
ER enantiomeric acid = 


racemic 1-amino- diasispeo! Я ; " 
2-vinylcyclohexane iastereoisomeric ammonium salts 
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17.6  Theopen-chain form of fructose has three stereocenters (marked with an asterisk) so there 


should exist a total of 23 = 8 configurational isomers. The furanose form of fructose has four 


stereocenters so there should exist 24 = 16 configurational isomers. 


CHJOH 
с=0 HOCH; CH,OH 
но —}+—H E 
* ч НО 
H x OH НО \* ж он 
H OH HO 
CH;OH о -D-fructose 


open-chain form 
of D-fructose 


17.7 The following compounds have a meso form as shown below: 2,3-butanediamine, 
2,4-dibromopentane, and 1,2-cyclopropanediol. 


H NH, CH; H H 
H NH; на Вг 
CH, сн, HO OH 


2,3-butanediamine 2,4-dibromoopentane 1,2-cyclopropanediol 


17.8 To translate a three dimensional drawing as in (a) to a Fischer projection simply rotate it 
about the C-C3H7 axis until two substituents are oriented above the plane of the paper and 


two groups are oriented below the plane of the paper. The groups above the plane are those 
located on the horizontal axis of the Fischer projection. 


C4H; Сану 
"d. p 
> — H 
Hw. N CH; 
HO СН; 


(S)-3-hexanol 


C2H5 COOH 

(b) H = а (с) nwt H 
CH; CH; 

(R)-2-chloropentane (S)-alanine 


333 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


17.9 
СН; СНО 
(а) но—}— H (b) н—}- NH; 
C2H5 CH20H 
(R)-2-butanol (R)-2-amino-3-hydroxypropanal 


17.10 In analyzing glucose it is necessary to treat each stereocenter totally independently. 
Imagine the molecule is huge and you can "walk around it" until you can look along each 
C-H bond from carbon to hydrogen. Then assign priorities to each of the other three 
substituents. Finally, determine whether the a-to-b-to-c direction is clockwise (R) or 
counter-clockwise (S). 


CHO C, = not a stereocenter 
H OH C,=R 
HO H Gs 
H OH Са= К 
Н OH C;-R 
CH;0H Сб = not a stereocenter 


D(+)-glucose 


17.11 (a) There are four isomers of 2,3,4-trihydroxybutanal. Their names аге 2R,3R,4- 
trihydroxybutanal, followed by the 25,35 isomer, the 2R,3S isomer, and the 25,3К isomer. 
All are enantiomers and each is optically active. The 2R,3R and 25,35 isomers comprise a 
racemic pair and the 2R,3S and 25,3К are a second racemic pair. The 2R,3R and the 25,35 
isomers are diastereoisomers of the 2R,3S and 2S,3R isomers. The 2R,3S and 2S,3R isomers 
are diastereoisomers of the 2R,3R and 25,35 isomers. 


CHO CHO CHO CHO 
H OH HO H H OH HO H 
H OH HO H HO H H OH 
CHOH CH;OH CH,OH CH,OH 
2R,3R 25,38 2R,3S 253R 


(b) There are three isomers of 1,2,3,4-butanetetrol. Their names аге 1,2R,3S,4-butanetetrol, 
1,2S,3S,4-butanetetrol, and 1,2R,3R,4-butanetetrol. The 2К,35 isomer is a meso form which 
is optically inactive (in spite of having two stereocenters it has an internal plane of 
symmetry between Сэ and Сз). The 25,35 and 2R,3R isomers are enantiomers which are 
optically active and comprise a racemic pair. The 2R,3S isomer is a diastereoisomer of the 
other two isomers and vice-versa. 
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CHOH CHOH CHOH CH,OH 
H OH HO H H OH HO H 
H OH HO H HO H H OH 

CHOH CH;OH CH,OH CH,OH 


\ 2S3R 2R,3S / 25,35 2R,3R 


identical structures 


1712 A isa constitutional (positional) isomer of the other three compounds. B is a cis-trans 
isomer (a kind of diastereoisomer) of C and D. B also is a meso form. B is a diastereoisomer 
of C and D, and vice-versa. C and D are enantiomers and together form a racemic mixture. 


Br H а H H a Br Br & H 
Br Br Br Br H H Br 


A B С р 
1,1-dibromo- cis-1,2-dibromo- trans-1,2-dibromocyclopropanes 
cyclopropane cyclopropane 

17.13 
CH; „у сн; 
sH m. О 
CH, CH, % CH, 
cis (meso) trans (pair of enantiomers) 

(b) us Cl IT а а t. 

Cl СІ Cl 
cis (meso) trans (pair of enantiomers) 
cis (achiral) trans (achiral) 
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17.14 There are a total of five separate isomers which can be formed, four of which are chiral (as 
two racemic pairs). The major product is not chiral (does not have a stereocenter). 


[> CH Н,804 СХ CH; 
3 ——— M major product 
H,O OH (major p ) 


1-methylcyclopentanol (not chiral) 


(chiral minor products) CH, + O- СН» 


OH 


wj 


OH 
dl-cis-2-methylcyclopentanol dl-trans-2-methylcyclopentanol 


1715 The enantiomeric excess from the reaction is (10.0 + 13.9) x 100 = 72%. Therefore the mixture 
contains 72 + (1/2 x 28) = 86% d-enantiomer and 14% l-enantiomer. 


о но, н H H 


A iae b E ON 


2-butanone V——————4 


dl-2-butanol 


17.16 The NaBHy reduction of (R)-1,3,4-trihydroxy-2-butanone results in a mixture of two 
isomeric products. Attack of hydride from one orientation about the carbonyl group 
produces 1,2R,3S,4-butanetetrol which is an optically inactive meso form. Attack from the 
opposite orientation produces the optically active enantiomer 1,2R,3R A-butanetetrol. 


These two isomers are diastereoisomers and have different physical properties - therefore, 
they are separable by normal experimental means. 


CH;OH CH20H CH,OH 
сео NaBH, н— 5. он но—ВЕ н 
H -+ OH H OH К н-—Р он 
CH,OH CH;0H CH,OH 
R-1,3,4-trihydroxy- 1,2R,3S,4-butanetetrol 1,2R,3R,4-butanetetrol 
2-butanone 


1717 The radical allylic bromination occurs to produce substitution only at C5 because the other 


allylic position (C2) has no hydrogen available for replacement. Since the product has a 


stereocenter, and substitution occurs to produce both possible products, the result of the 
reaction is an optically inactive mixture of two enantiomers (i.e., a racemate). 
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+ z 
E-2,2-dimethyl-3-hexene Br H H Br 
(S)- 5-bromo-2,2-dimethyl- (R)-5-bromo-2,2-dimethyl- 
3E-hexene 3E-hexene 


17.18 (а) isomers are two or more compounds which have the same molecular formula but 
different chemical structures. 


(b) a stereocenter is a carbon (or similar atom such as silicon, phosphorus, nitrogen) which 
has four different substituents attached. 


(c) a chiral molecule is one which has the property of handedness, that is in which the 
molecule has a mirror image which is non-superimposable. 


(d) enantiomers are two non-superimposable compounds which have an object-mirror image 
relationship to each other. 


(e) a racemic mixture is a 50/50 mixture of a pair of enantiomers. 


(f) configurational isomers have the same connectivities but their atoms are oriented 
differently in space, and they cannot be converted into one another by rotation about sigma 
bonds. 


(g) conformational isomers have the same connectivities but their atoms are oriented 
differently in space, and they can be converted into one another by rotation about sigma 
bonds. 


(h) resolution is the process by which a pair of enantiomers (a racemate) is separated. 


(i) a levorotatory compound is one which is optically active and which rotates a beam of 
plane polarized light to the left (counter-clockwise). 


(j) diastereoisomers are configurational isomers which do not have an object-mirror image 
relationship to each other. 


(k) plane polarized light is that which has been passed through a device such that the 
beam that is emitted is vibrating only in one plane. 


(1) constitutional isomers are those which have different bond connectivities. The 
difference may be in the carbon skeleton (skeletal isomers), in the position of attachment of 
substituents (positional isomers), or in the nature of the functional group (functional group 
isomers). 
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(m) the specific rotation is the extent to which a compound rotates a beam of plane 
polarized light using a defined concentration, cell length, temperature, and wavelength of 
light. 


(n) a dextrorotatory compound is one which is optically active and which rotates a beam of 
plane polarized light to the right (clockwise). 


(0) a racemate is a 50/50 mixture of the pair of enantiomers. 
(p) a meso isomer is one which is optically inactive because, although it has more than one 
stereocenter, the presence of an element of symmetry causes the object structure to be 


superimposable on the mirror image structure. 


(q) observed rotation is the extent to which a particular sample and concentration of a 
compound rotates a beam of plane polarized light. 


(r) cis-trans isomers are configurational isomers in which substituent groups are attached to 
opposite sides of a fixed plane of reference, such as a double bond or a cycloalkane ring. 


(a) “>= (b) ae (c) ———— 
CI Br 


а 27 
(а) An (b) ха м 
~ (с) 
СОСН» 


(а) CH(CHjy МО SS (b) PE C ОН 


[9] 
22 ММ учу ч 
(с) нас (4) 2 Z^ соосн, 
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17.22 
CH : : 
(a) Hs (b) (c) CH,CHOHCH,CH,CHBrCH(CH;), 
HO H 
"n OH о 5-bromo-6-methyl-2-heptanol 
CH; Menthone COCH; 
2,3-butanediol 
* * * (f Ge 
(d) CH,CHOHCHNH;COOH (е) Ce * 
Threonine * О 
a-Pinene Progesterone 
17.23 
H CH; H 
(a) = (b) H Br (c) 
С H «ci Br H Q 
cH! | CNN OH 
3 CH, CH3CH=CH 
(S)-2-iodopentane 25,3$-dibromobutane (R)-3-penten-2-ol 
17.24 The determination of whether the named compounds exist as racemates is made by 


determining whether each (i) has one stereocenter, enabling the existence of a pair of 
enantiomers as a racemic mixture, or (ii) has two or more stereocenters and is not a meso 
form. 


The following compounds exist as racemates: 
(b) 2-methylpiperidine 

(e) 1-phenyl-1-bromo-2-pentanone 

(f) methyl cyclohex-2-en-4-onecarboxylate 
(g) 2-butyl benzoate 

(h) 3-methylcyclohexyl acetate 

(i) 4-(N, N-dimethylamino)-2-pentyne 


The following compounds do not exist as racemates for the indicated reason: 
(a) cis-1,2-dichlorocyclohexane (meso form) 

(c) trans-1,4-dimethylcyclohexane (no stereocenter) 

(d) cis-1,3-divinylcyclohexane (meso form) 
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17.25 The D configuration is that in which the highest numbered stereocenter (in these cases C3) 
has the hydroxyl group oriented on the right in a Fischer projection. 


CHO CHO CHO CHO 
н- он нон н он нон 
н- OH нон но +4-н H -]- он 

CHOH CH,OH CH,OH CH,OH 


,DQRR) L(2S,3S) \ LORS) D(2S,3R) , 


- and L-erythrose D- and L-threose 


aldotetroses 


17.26 Іл order to be optically active the compound must be a single enantiomer. The optically 
active compounds are as follows: (b) (S)-2-hexanol; (f) D-glyceraldehyde; 
(g) L-phenylalanine; (h) (R)-3-hydroxypentanoic acid. 


17.27 
A~n 
(+) Carvone (-)Carvone 
[alp = +62.5° [9] = -62.5‹ 
(caraway) (spearmint) 
$ configurations R 
17.28 
OH CI H 
(a) Н + СН=СН, (D CH, + COCH, (<) CH, +- CH(CH3); 
CH, H COOH 
S R S 
17.29 
COOH CH; COOH СОСН; 
К $ $ Е 
H OH H OH HO H H OH 
(a) (b) c d 
|o sucre лап quere 
COOH COOH COOH CH; 
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The resolving agents should be as follows: (a) carboxylic acid to form an ester; 

(b) carboxylic acid to form an ammonium salt; (c) amine to form an ammonium salt or an 
alcohol to form an ester; (d) primary amine to form an imine; (e) amine to form an 
ammonium salt or alcohol to form an ester; (f) amine to form an ammonium salt, an alcohol 
to form an ester, or a carboxylic acid to form an ester; (g) carboxylic acid to form an 
ammonium salt or a carbonyl compound to form an imine. 


Answer this question by determining the absolute configuration of each structure drawn. 
Compound A is R, B is S, C is R, and D is S. Therefore, structure C has the same 
configuration as A. The structures B and D are enantiomers of A and C. 


The maximum possible number of optical isomers for a compound with three stereocenters is 


23 = 8. In addition to the RSR and SRS isomers given, the other isomers are ККК, 555, RSS, 
SRR, RRS, and SSR isomers. 


The maximum possible number of optical isomers is 25 = 32 isomers. 


There is a plane of symmetry (indicated by the dotted line) for the following compounds: 
(a) cis-1,2-dibromocyclobutane; (c) trans-1,4-dimethylcyclohexane; (d) cis-1,3- 
dichlorocyclohexane; (e) 2R,3S-butanediol. 


“ CH3 
7 “eag S 
2 T H OH 
7 d a EN E S GNE S serene 
Br вс ee “5 3 CI ~ а H OH 
CH4 


(a) (c) (d) (e) 
There is not a plane of symmetry for (b) trans-1,2-dibromocyclopropane. 
2,3-Dichloropentane exists as four configurational isomers, as two racemates each 


comprised of a pair of enantiomers. The relationship of any enantiomer to an enantiomer of 
the other racemate is that of a diastereoisomer. 


CH; CH; CH, CH; 
н— 5 с а! R H u$ ci CI x H 
uc а H ci—-S-g H а! 
C2H5 С.Н; ‚ СН C2H5 , 
racemate #1 racemate #2 
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17.36 2,4-Dichloropentane exists as three configurational isomers, one meso form and a pair of 


enantiomers (a racemate). The relationship of the meso form to each enantiomer is that of 
a diastereoisomer, and vice versa. 


CH, CH; CH; 
us с uH а са н 
СН, CH; сњ 
u- cl a£ H H CI 
CH, CH, CH; 
meso form racemate 


17.37  (a)Since it can be resolved the 206? isomer is a racemic mixture of two enantiomers. 
(b) The 140? isomer is an optically inactive meso form. 
(c) The relationship between either 170? isorners and the 140° isomer is that of 
diastereoisomers. 
(d) The 140? isomer is 2R,3S-dihydroxybutanedioic acid. 
(e) The 170° isomers are 2R,3R-dihydroxybutanedioic acid and 25,35- 
dihydroxybutanedioic acid. 


COOH COOH COOH 
н—Ё он н—Ё ou но—- н 
ОН НО H H OH 
COOH COOH COOH 
140? isomer two 170? enantiomers 
(optically inactive) 
206? isomer 


(optically inactive) 
17.38 (a) (R)-2-butanol (retention of configuration in the alcohol because of hydroxide attack at 
the carbonyl group and ejection of alkoxide in a nucleophilic асу! substitution. The 
configuration of the stereocenter is unchanged.) 


H H 
CH; "S OOCCH NaOH CH; els 
CHE 3 њо GH, ОН 
(R)-2-butyl acetate (R)-2-butanol 


(b) (R)-2-pentanol (inversion of configuration because of SN2 backside attack by hydroxide 
at the stereocenter, resulting in inversion and displacing tosylate) 


H H 


GH | NaOH | С 
—^ = H 

cH Ù OTs H,O HO сн, 7 

(S)-2-penty! tosylate (R)-2-pentanol 
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(c) racemic 1-methoxy-1-phenylethane (racemization of the stereocenter because of SN1 
solvolysis enabled by the formation of the stabilized benzylic carbocation) 


H 
| СНОН | + 
СН зр —— M» CH, YS > сњ 


сн, С! cH, COCH, сн; 


(R)-1-iodo-1-phenylethane dl-1-methoxy- 1-phenylethane 


(d) (S)-2-methoxypentane (inversion of configuration because of SN2 substitution by the 
strong base) 


H H 

| NaOCH; | 
CH Ei D CH 3 
CHÙ Br СНзО C.H; 
(R)-2-bromopentane (S)-2-methoxypentane 


(e) racemic 2-butanol (attack of water at the symmetric secondary carbocation forming both 
enantiomers) 


^w CSO HO, UH Фа 
H,O o d С 


1-butene 
al-2-butanol 


(f) (S)-2-chlorobutane (inversion of configuration because of SN2 attack of chloride on the 
intermediate chlorosulfite) 


H H 
soci, 
CH; we pyridine = CH 
© `H % 3 
Сн, а^ сн 


(R)-2-butanol (S)-2-chlorobutane 

(g) racemic 1-chloro-1-phenylethane (attack of chloride anion on either side of the planar 
(and therefore symmetric) benzylic carbocation formed by proton addition, thereby 
producing both enantiomers) 


H H 
сен;сн=сн, lp | lhe + | 
СН; Же а ac СНз 


CoH CH 
styrene ins р 


di-1-chloro-1-phenylethane 
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(h) racemic 3-methyl-2-butanol (attack of diborane on both sides of the planar alkene 
double bond, forming both enantiomers) : 


TE 1. ВН; e č w^ 
—————— 5 4 
2. NaOH/H 0; A а 


НО Н H 


2-methyl-2-butene 
di-3-methyl-2-butanol 


(1) cis-1,2-cyclohexanediol, a meso form (cis addition of permanganate which is displaced 


by hydroxyl) 
SI — 
— Mie 
cold 


cyclohexene HO OH 


cis-1,2-cyclohexanediol 


(j) racemic trans-2-methoxycyclopentanol (backside attack of methoxide to open the ring, 
attack being equally possible at C1 or C2) 


NaOCH; ju 
————њ- + 


OH 
d HO ОСН; CHO 


cyclopentene oxide dl-trans-2-methoxypentanol 


The synthesis of (R)-3-methyl-2-butanol from 2-methyl-2-butene requires first that the 
alkene be converted through anti-Markovnikov addition into the alcohol which would be 
racemic. The second process involves resolving the racemate using an optically active 
carboxylic acid to form and separate diastereoisomeric esters. The final step is to recover 
the enantiomeric alcohol by hydrolysis of the R-ester which will result in retention of the 
configuration of the alcohol. 


>s 1. ВН, У" *ZCOOH oocz* 
= ноот" ыа к 
2. НО», NaOH H* 


racemate two diastereoisomeric esters 
*Z = enantiomeric group кер 
H OOCZ* 
| NaOH >< 
CH; S є 
(CH 3;CH OH Но 


(R)-ester 
(R)-3-methyl-2-butanol 
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The laboratory reduction of the C11 ketone group in cortisone is not stereospecific because 
the reagent, sodium borohydride, is not chiral. Therefore it can deliver a hydride anion 
from both sides of the carbonyl group. The biological reducing "agent" is an enzyme which 
is chiral and which therefore can recognize the chirality of cortisone. The chiral co- 
enzyme will deliver the reducing electrons and proton exclusively to the under side of the 
carbonyl group, forming hydrocortisone. 


HBr is an achiral reagent and when it adds to this alkene a new stereocenter will be 
created. The addition reaction mechanism involves formation of a carbocation adjacent to 
the stereocenter, and the final step will be the approach of a bromide anion above or below 
the plane of the trigonal carbocation. The presence of the existing stereocenter will 
influence the ratio in which the two approaches occur, and therefore the ratio of the two 
products formed. Both products will form, and one will be 2S,3R-dibromobutane (a meso 
form) and the other will be 25,35-dibromobutane (an enantiomer). The starting material is 
optically active and the product mixture also will be optically active. The two products 
are diastereoisomers and therefore can be separated without resorting to resolution. 


H H 
ы EY * 
CHS “NcH=cH, НВг. CHS ~ CHBICH, 
Br (dark) Br 


(S)3-bromo-1-butene 2,3-dibromobutane 


CH; CH; 
H Br H Br 

CH; CH; 
meso form enantiomer 


Acid-catalyzed hydration of styrene proceeds via initial addition of a proton to form a 
planar carbocation, in this instance a resonance-stabilized benzylic carbocation, which is 
planar (trigonal). The approach of a water molecule in the second step occurs with equal 
probability from above or below the plane of the carbocation. Therefore, both enantiomers 
(a racemic mixture) will form. 


OH, on 
(S) Hwy сн 
H* H ть. + 1. H,O Сен; 3 
C4H;-CH-CH, — с== СН; эн H 
C6H5 | 2, CH 
OH; OH 
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CH; C2H5 


(а) C3H; ШП. a H H2 C.H + 
a "~ TAM. 3H; wr чш CH 
CH CH Pt S zw C3H7 
3 3 cH,» H H ^ CH; 
racemic mixture 
C3Hy , H HO OH 
C,H H KMnO. CH; аќ. S» CH, 
b 377 Man, a nO, > on ed к 2; 
: ! CH w^ “ч, cold + Сану M 4 H 
д i HO OH CH; CH, 
racemic mixture 
СН; H Н,50, C2H5 C2H5 
(с) Min, __ У 2 4 
CH," "CH; H,O + 
C3H7 < D Сану 
сн,“ OH HO "CH; 
racemic mixture 
(d) зн; Mn, SV 2 E S" Br E CH 
: х — СН, & + Б 
CH, CH,  CCh a m А У 
“H CH 
3117 
Вг CH; CH; Br 


racemic mixture 


(a) constitutional isomers (positional isomers); (b) the compounds are identical; 
(c) enantiomers; (d) cis-trans isomers; (e) conformational isomers; (f) enantiomers; 
(g) cis-trans isomers; (h) diastereoisomers. 


The number of configurational isomers which exist are: (a) four (two cis-trans and two 
enantiomers of each); (b) none; (c) two (cis-trans); (d) none; (e) two (enantiomers); 
(f) three (two enantiomers and one meso form). 


(a) CH,CH=CH-CH,CH,Br (b CH,=CH-CHBrCH,CH, 


(c) (CH4;C-CH-CH;Br (d) CH,CH=CH-CHBrCH, 


The formula of A (С8Н14) indicates an HDI of two and hydrogenation to CgH18 (B) 
indicates the presence of a triple bond or two double bonds. The fact that only two products 
are obtained upon ozonolysis means there is only one multiple bond subject to ozonolysis and 
that А must be an alkyne. The fact that the carboxylic acid C is optically active means 
there is a stereocenter present. The obtaining of acetic acid (CH3COOH) as one ozonolysis 
product indicates a partial structure for A is CH3CC-. The fact that A is optically active 
(and therefore has four different groups attached to one carbon) while B is optically 
inactive means that hydrogenation of the triple bond produced a group which is identical 
to another group already attached to the stereocenter. Therefore, the C3 alkyne unit must 
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be attached to a carbon which also carries a propyl group and D represents a partial 
structure accounting for seven of the eight carbons in A. The remaining carbon can only be a 
methyl group. Therefore, A is 4-methyl-2-heptyne. 


H 
CH,CESCCH(CH)C,H, p» — CGH;CH(CH)C3H; 


A B 


lo. 
" о 
СНС == О 3 СНСООН + HOOCCH(CHjCSH, (Сено) 
D с 


в Вг ^ Br 
"лов он ба 
"! Br Br 


(optically inactive - mixture of two enantiomers) 


A ОН он 
(b) A J.BoHs __ ~ CX А CX 
2. НО Лаон . 


CH; CH; ” CH 


17.48 


(optically inactive - mixture of two enantiomers) 


(с) НВг Вг din Br 
——— 
peroxides 5 
“CH 


CH . CH 
? cis У (гап5 3 


(optically inactive - mixture of two racemic mixtures) 


OH НО ¢ >H 
"IRE Наа Hoge" 


(optically inactive - mixture of two enantiomers) 
H Cl сн 


^) 
"ty, 


E с HCI 


p 
> D 
H CI 2 2 


(R-isomer) H СІ H а 
(optically active - mixture of two diastereoisomers) 


ic acid об Сн СН (CH, 
E 
(D cH,CHCH-CHCH,CH, Peet acid p 
(a mixture of cis and trans) x | 


cis trans 


(optically inactive - mixture of a cis meso form and a trans racemate) 


о 
(в) Pau 1. CH4MgBr a 4 | >а 
2. H*/H,O % 


H OH HO Н 


d 
х“ 


(optically inactive - mixture of two enantiomers) 


347 


17.49 


17.50 


17.51 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


Since both threose and erythrose are of the D-configuration, the stereochemistry of the 
lowest stereocenter (C3) is known to be R. Since erythrose produces a meso form of tartaric 
acid (in which the configuration of C3 remains unchanged but is now labelled S due to group 
priority changes), the configuration of the upper (C2) stereocenter of erythrose must be R in 
order that oxidation produce R,S-tartaric acid (the optically inactive meso form). Since 
threose (which must have the opposite configuration at the upper carbon—that is, be an 
epimer of erythrose) affords an optically active enantiomer of tartaric acid (which must be 
the S,S-enantiomer), the configuration of the upper stereocenter (C2) in threose is confirmed 


to be S. Therefore, the structures of erythrose, threose, and the oxidation product tartaric 
acids are as shown below. 


CHO COOH 
R НКО. 
H OH з» H OH 
H R OH H 5 OH 


CH,OH COOH 
R,S-tartaric acid 
erythrose 


(optically inactive meso form) 
D-configuration 


CHO COOH 
Set, F н 


HHE он н— он 
CH,OH COOH 
threose S,S-tartaric acid 


(optically active enantiomer) 


Whereas D-galactose does not have a plane of symmetry, and is therefore an enantiomer 


and optically active, the corresponding dicarboxylic acid has a plane of symmetry as 
marked with a dotted line. 


CHO CHO 
H OH H OH 
HO H HO H HNO; 
он нон 
OH H OH 
CH,OH CH,OH COOH 
D-glucose D-galactose D-galactaric acid 


The configuration of the starting alcohol remains unchanged during step A because the 
carbon-oxygen bond (to the stereocenter) is not broken. During the 542 step B the carbon- 
oxygen bond of the alkoxide also is not broken so its configuration remains unchanged. 
Therefore, the product ether with a positive rotation has the same configuration as the 


starting alcohol. It is only coincidence that the optical rotations are in the same direction 
(dextrorotatory)! 


Chapter 17 Optical Activity 


The configuration of the starting alcohol also remains unchanged during the tosylation of 
step C in which the alcohol must serve as the nucleophile, the carbon-oxygen bond 
remaining intact. In step D the $42 displacement is effected by ethoxide anion attack at 
the stereocenter, inverting its configuration as the tosyl group leaves. Therefore, the 
product ether has the opposite configuration of the starting alcohol. Therefore, the two 
samples of ether formed from the two reaction sequences have the opposite configurations 
and, as expected, show the opposite optical rotation of approximately the same magnitude. 


ок 
| 
C6H,;CH,CHOHCH, Su C,H,CH,CHCH ; 
[а] = +33° retention в | CGH;Br 
retention 
С | TsCl СН; CH;CH(OC;H3)CH; 
retention 
[0] = +24° 
NaOC;H; 
C.H;CH,CHOTsCH,; Fog te C,.H,;CH2CH(OC2H;)CH3 
inversion [р = -20° 


эу 


| V. Conceptual Problem 


Drugs 


s a pharmacist, you read with interest that thalidomide has recently been approved by 

the Food and Drug Administration for use in the treatment of Hansen's disease (more 

commonly known as leprosy). This announcement comes almost 40 years after the drug was 

banned by that agency because it caused birth defects in babies born to women who had used 
the drug to combat morning sickness during early pregnancy. What's of particular interest to you are 
all the new regulations associated with the drug, which will be marketed as Thalomid. The 
manufacturer of the drug has developd a System for Thalidomide Education and Prescribing Safety 
(STEPS) program. Only physicians who register with the program may prescribe Thalomid. The 
patients, both male and female, must also register, as well as complying with mandatory 
contraceptive measures and filling out patient surveys. The prescriptions will be for no more than a 
28-day supply, with no automatic refills. 


This is quite a contrast to the drug’s introduction in 1958. It was touted as non-toxic, and there was 
even some pressure to sell it over the counter, with no prescription needed. It was its use to control 
morning sickness that revealed its one terrible and tragic property. It is a powerful teratogen, a 
substance that causes birth defects. 
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WA thalidomide molecule contains one stereocenter. Where is it in the structure? 
* Ans: It is the carbon to the right of the nitrogen atom on the left side of the molecule in the 


structure. 
О 
CCo 
N 


о он 


Thalidomide was manufactured from achiral materials and carefully purified, but no resolution 
was performed. What was therefore present in the thalidomide prescribed for morning sickness? 


* Ans: А racemic mixture, an equal mixture of two enantiomers. 


@Draw structures of the two enantiomers of thalidomide, and identify the structures you have 
drawn as R and S isomers. 


* Ans: 
| О о 
М N 
о о" Hoo 
(S)-Thalidomide (R)-Thalidomide 


ШМоге recent research has shown that the R isomer is active against leprosy, and the S isomer is 
the teratogen. What does this tell you about the point of interaction of thalidomide with the 
body's biochemical systems? 

• Ans: If two separated enantiomers have different effects, the biochemical molecules at the 
point of interaction with the thalidomide must be chiral. In fact, it is likely that the R and S 
isomers have their effects on completely different systems. 
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1. Textbook Chapter Contents 


18.1 Introduction to Polymer Chemistry 


1811 Classification of Polymers by Structure 
18.1.2 Classification of Polymers by Formation 


18.2 Physical Properties of Polymers 


18.3 Addition Polymers 


18.3.1 Mechanisms of Polymeric Addition Reactions 
18.3.2 Radical Polymerization 
Polystyrene 
Polyethylene 
Poly(vinyl chloride) 
Teflon 
Polyacrylonitrile 
Poly(methyl methacrylate) 
18.3.3 Cationic Polymerization 
18.34  Anionic Polymerization 
18.3.5 Isotactic Polymers 
18.3.6 Rubber 


18.4 Condensation Polymers 


18.4.1 Polyamides 
18.4.2 Polyesters 
18.43 Polyurethanes 


his chapter describes how chemical reactions can be used to produce polymers— 

macromolecules in which many repeating units of one or more monomers are 

incorporated. It also describes the physical properties of polymers and how they 
relate to chemical structure. 


“И. Learning Objectives 


* Explain the terms monomer, polymer, macromolecule, copolymer, linear polymer, 
branched polymer, cross-linking, elastomer, thermosetting polymer, thermoplastic 
polymer, addition polymerization, and condensation polymerization. 
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* Know the general requirements for and characteristics of crystalline and amorphous polymers. 


* Be able to write a mechanism for the radical polymerization of alkenes. Be able to show the 
mechanism of chain transfer and how it produces branched polymers. 


* Write an equation to represent the radical polymerization of a 1,3-conjugated diene. 


` * Be able to write mechanisms for the cationic and anionic polymerization of appropriately 
substituted alkenes. 


* Be able to show the three-dimensional structure of an isotactic addition polymer and explain its 
special properties. 


* Write an equation for the condensation polymerization of a diamine and a dicarboxylic acid to 
form a polyamide. 


* Write an equation for the condensation polymerization of a diol and a dicarboxylic acid to form a 
polyester. 


* Draw the general structure for a polycarbonate. 


* Draw the general structure for a polyurethane. 


m Glossary 


ABS plastic a copolymer of acrylonitrile, 1,3-butadiene, and styrene 
acrilan a tradename for polyacrylonitrile 


addition polymer a polymer usually formed from an alkene. All monomer units are connected 
end-to-end and all atoms present in the monomer are retained in the polymer. Also called a chain- 
growth polymer 


amorphous polymer a polymer which is non-crystalline 


anionic polymerization polymerization of alkenes using an anion (often a carbanion) as the 
initiator. It adds to the alkene producing a carbanion as the reactive intermediate which then 
propagates itself 


aramid a polyamide in which an aromatic group connects the functional groups 
atactic polymer a polymer with stereocenters in which the configurations occur randomly 


block copolymer a copolymer in which there are segments of the polymer containing only one 
monomer. Usually produced by anionic polymerization 


branched polymer a polymer in which branching occurs along the normal long continuous chain 


cationic polymerization polymerization of alkenes using a Broensted or Lewis acid as the initiator. 
It adds to the alkene producing a carbocation as the reactive intermediate which then propagates 
itself 
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chain reaction a polymerization reaction applied mainly to alkenes in which the propagation step 
(addition of a reactive intermediate to an alkene) produces a new reactive intermediate which can 
add to yet another monomer 


chain terminator a compound added to a polymerization reaction to terminate the chain growth 


chain transfer a growing radical chain abstracts a hydrogen atom from the interior of another 
chain, thereby creating a new radical propagation site in the interior of the chain 


chain-growth polymer also called an addition polymer. The polymer grows at one end by addition 
to an alkene monomer 


condensation polymer a polymer formed by a reaction between two different functional groups to 
form a new functional group. In most instances a small molecule, usually water, is ejected in the 
reaction 


copolymer a polymer formed from two or three monomers 


cross-linked polymer a polymer in which two or more chains become connected through a 
chemical reaction with another reagent 


crystalline polymer a polymer whose structure is sufficiently ordered that it, or regions of it, 
crystallize 


dacron a tradename for polyester fabrics 
degradable plastic plastics which are especially susceptible to decomposition in the environment 
elastomer an amorphous polymer with a coiled shape which gives it elastic properties 


fiber a semi-crystalline polymer which is processed by drawing through a small orifice which 
increases the alignment of polymer molecules and its crystallinity 


gutta percha cis-polyisoprene 
HDPE high density polyethylene, a crystalline polyethylene produced using Ziegler-Natta catalysts 


initiator a reagent which adds to an alkene to produce the initial reactive intermediate in the 
polymerization process 


isocyanate a compound containing the -N-C-O group 
isoprene 2-methyl-1,3-butadiene 
isotactic polymer a polymer with stereocenters in which the configuration of each is identical 


LDPE low density polyethylene, an amorphous polyethylene which includes considerable 
branching in the polymer 

linear polymer a polymer in which the monomer units are connected end-to-end to form a single 
long chain 


macromolecule a very large molecule, some of which are polymers of one-to-three different 
monomers (such as starch or ABS plastic), but others involve the connection between a large number 
of different, structurally-related, simple compounds (such as a protein) 
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monomer a simple compound which is capable of being joined to other molecules of itself to form a 
polymer : 


natural rubber trans-polyisoprene 

neoprene the polymer produced from polymerization of 2-chloro-1,3-butadiene (chloroprene) 
nylon a polyamide in which aliphatic groups connect the functional groups 

oligomer a small polymer segment containing several monomer units already joined together 
orlon a tradename for polyacrylonitrile 

PET plastic crystalline poly(ethylene terephthalate) 

plastic rigid materials fabricated from highly crystalline polymers 

plexiglas a glass-like product fabricated from poly(methyl methacrylate) 


poly(methyl methacrylate) the addition polymer produced from polymerization of methyl 
methacrylate (CH5-C(CH4)COOCH,) 


poly(vinyl chloride) the addition polymer (also known as PVC) produced from polymerization of 
vinyl chloride (СН,=СНСІ) 


polyacrylonitrile the addition polymer produced from polymerization of acrylonitrile 
(CH,=CHCN) 


polyamide a condensation polymer in which the connecting functional group is an amide group 
(formed from a carboxy! group and a primary amino group) 


polycarbonate a condensation polymer in which the connecting functional group is a diester of car- 
bonic acid 


polyester a condensation polymer in which the connecting functional group is an ester 
polyethylene the addition polymer produced from polymerization of ethylene (СН,=СН,) 
polymer one kind of macromolecule comprised of a large number of a repeating simple molecule 
polymerization the process of converting a monomer into a polymer 

polystyrene the addition polymer formed from addition polymerization of styrene (CCH;CH- CH») 


polyurethane the condensation polymer containing the urethane functional group (-NH-CO-O-, the 
ester-amide of carbonic acid) 


propagation the second step in a chain reaction in which the intermediate formed in the initiation 
step reacts with another molecule of monomer 


PVC an abbreviation for poly(vinyl chloride) 
radical polymerization polymerization using a radical initiator 


recycling as applied to polymers this is the process of recapturing discarded thermoplastics and 
fabricating new products 
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resin a thermosetting polymer formed from a viscous glass polymer 
rubber an elastomer polymer having properties similar to natural rubber 
SBR rubber rubber that is copolymer of styrene and butadiene 


step-growth polymer another term for a condensation polymer. It grows one reaction and product 
at a time, rather than by a chain reaction 


teflon an addition polymer produced from tetrafluoroethylene (CF,=CF,) 


termination the process by which a chain reaction is terminated, usually by conversion of a reactive 
intermediate into a neutral compound which is unable to continue the propagation 


terylene а tradename (used mainly in Europe) for polyester fabrics 
thermoplastic a polymer that can be re-melted and re-shaped 
thermosetting a polymer that once cast into a shape cannot be re-melted and recycled 


vulcanization a process of cross-linking synthetic or natural rubber by reaction with sulfur. This 
produces a harder and more heat-stable polymer 
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3 IV. Solutions to Problems 
For "How to Solve a Problem," review page 655. 


18.1 A protein is a polymer of a-amino acids, with each R- group being one of 22 possible group 


structures. 
R 
| 
HN — CH— CO 
n 


18.2 (a) The regiochemistry is determined in the initiation step by the addition of the radical 
initiator at the terminal alkene carbon because it forms the most stable radical 
intermediate, a benzylic radical. 


Y wv eR А styrene 
CoHsCH= CH, >> [cancu- сна] — M + cH—cH,+R 
| 
Сен; п 
(b) The regiochemistry is determined in the initiation step by the addition of the proton to 


the terminal methylene group because that results in the most stable of the possible 
carbocations, the t-butyl cation. 


CH; 
"idi H* + isobutylene | 
CH; 
n 


(c) The regiochemistry is determined in the initiation step by the addition of a carbanion at 
the methylene carbon because that results in a resonance stabilized cyanocarbanion. 


"i acrylonitrile 


CH,— CHCN —= (ксн, Снсм| —— к CH,— CH 
CN 


n 


18.3 Polystyrene contains alkyl-substituted benzene rings which undergo normal aromatic 
substitution reactions. Therefore, sulfonation would attach sulfonic acid groups to each 
ring, mainly at the para position. Treatment with sodium hydroxide would effect an acid- 
base reaction and produce the sodium sulfonate. 
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CH— CH, m сн— CH, Ж CH— CH, 


n SO4H n $ОзМа п 


18.4 The monomers needed for these preparations are (a) CH2-C(CH3)COOCH3; 
(b) CH2=CHC6H5 and CH2=CHCN; (с) CH2-2CH-CH-2CH2. 


18.5 Тһе regiochemistry of acid-catalyzed polymerization of styrene is determined in the 
initiation step which involves addition of a proton at the terminal methylene group to 
form a resonance-stabilized benzylic carbocation. The propagation step, in which this 
benzylic carbocation is attacked by another molecule of styrene, involves the same 
regiochemistry for the same reason, the formation of the most stabilized carbocation 
intermediate. Therefore, the polymer chain grows from right to left. 


A C * 
сењсн= CH, + R* —> [ccn cun] 


+ + 
CgHsCH= СН, + [сен сн— CHR] — CH — сњ— CH— CH;—R 


CH, Сн; 


тя = BT R styrene | 
CeH5 n 


polystyrene 


18.6 The regiochemistry for the anionic polymerization of methyl acrylate is determined in the 
initiation step. The carbanion initiator adds to the methylene carbon to form a carbanion 
intermediate which is stabilized by delocalization into the ester carbonyl group. 


ES E ON CH— CHR CH— 
d CHR 
CH=CH) р. С b 2 6 || n 2 monomer CH — CH, R 
| — С= 0 -—- C—O! = са | 
COOCH; 19 D COOCH, 

OCH; OCH; d 
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18.7 Radical polymerization of 1,3-butadiene involves initial formation of a resonance- 


stabilized radical intermediate. The latter then adds to another butadiene molecule using 
its terminal methylene group. The overall effect is a conjugate or 1,4-addition. 


Y^ 


rs Aor в 
CH,=CH-CH=CH, + +В ——1]|CH;-CH-CH-CHjR == CH;-CH-CH-CHjR 


FN ДА Ive. . 
CH,=CH-CH=CH, + CH2-CH=CH-CH,R —3À CH;-CH-CH-CH;-CH;CH-CH-CH?R 


+ сн; сн-снсн.+{- R od 
n 


CH;-CH-CH-CH; 


18.8 Тһе name of the polymers, Nylon-4,4 and Nylon-4, indicates the monomers аге 
four-carbon units. Thus, what is needed for polymer (a) is a four-carbon diacid and a 


four-carbon diamine as monomers. For polymer (b) what is needed is a four-carbon lactam, 
y-butyrolactam. 


(а)  HOOC(CH),COOH 


succinic acid 
(butanedioic acid) 


+ t HN(CH,).NHCO(CH,),COf—- 
n 
H,N(CH,),NH, 


tetramethylenediamine 
(1,4-butanediamine) 


nylon-4,4 


О 

(b) 
NH — + COCH) NHH- 
n 

y-butyrolactam nylon-4 
18.9 
| M 

(а) CIC(CHjCCI! о о 


Ш Ш 


OC(CH,),CO 


©) ^ HO(CH,),0H 
{ сн,љоосмн-0 Y- ннсоо-- 
о=с=м—@_у—м=с=о п 
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(a) a linear polymer is one in which the "backbone" of the polymer has no branching. 
(b) a cross-linked polymer is one in which linear chains have been joined by chemical bonds. 


(c) an addition polymer is one which has been formed by the addition of one monomer to the 
multiple bond of another in a chain reaction. No atoms are lost in the process of forming an 
addition polymer. 


(d) a condensation polymer is one formed by the reaction between two functional groups to 
form a new functional group, often accompanied by the elimination of the elements of a 
simple compound, usually water. 


(a) a simple polymer of CH2-CHCI. 

(b) a copolymer of CH2-CHCI and С12С=СС12. 

(c) a simple polymer of H2C-O. 

(d) a copolymer of HOCH2CH2OH and HOOC(CH2)4COOH. 
(e) a copolymer of HOCH2CH2OH and HOOCC6H4COOH (p). 
(f) a simple polymer of СН2=СС1-СН=СН2. 


(a) a polymer is a plastic if it can be formed into rigid structures. This requires the presence 
of significant crystallinity and/or considerable cross-linking. 


(b) a fiber is a form of a polymer which has been melted then drawn through a fine hole to 
produce a "thread" which has the polymer molecules aligned parallel to each other. 


(c) an elastomer is a polymer which is amorphous (that is, non-crystalline) and whose 
natural shape is coiled. Such a polymer can be stretched but it returns to its original shape. 


(d) a thermoplastic polymer is one which can be re-melted and re-shaped. 
(e) a thermosetting polymer is one which cannot be re-melted and re-shaped. 


(f) a crystalline polymer is one which has areas of crystallinity (that is, the atoms are 
highly ordered with respect to each other and the molecules are packed tightly into a 
crystal lattice). 


(g) an amorphous polymer is one which is non-crystalline. 


The E double bond of gutta percha means the entire polymer is relatively linear and 
regularly shaped, leading to its ability to pack into crystal lattices (that is, the polymer 
chains can be "stacked" upon each other in a regular manner). Therefore, gutta percha is a 
crystalline polymer and therefore not an elastomer. In contrast, the Z double bond of 
natural rubber produces a coiled shape which is less able to crystallize and so remains 
amorphous. The coiling presents the possibility of being stretched (uncoiled), leading to 
the property of elasticity. 
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~ — 


n n 
E-polyisoprene Z-polyisoprene 
(gutta percha) (natural rubber) 


18.14 Ап isotactic polymer is one in which the configuration about the stereocenter (occurring on 
every second carbon in the chain) is the same. In order to produce an isotactic polymer the 
monomer alkene must have a single substituent, such as in propene (CH3CH=CH?2) and 


styrene (C6H5CH=CH?). It is the carbon carrying the single substituent which becomes a 


stereocenter upon polymerization. 


18.15 Polyisobutylene cannot show isotacticity because the polymer does not contain a 


stereocenter. 
CH, CH; 
| eH polymerize | е 
== ——— C— CH 
T S 2 | 2 
à CH, 
n 
isobutylene polyisobutylene 
18.16 
(а) — G REL E тл b) — нени а e Sd 
| | | | 
CH, CH; CH; О 9 " 
| 
polypropylene O2C О=с O= T 
| | 
ааа e e e CH, CH, CH, 
(c) -c-c-Cc-c-c-c- polyvinylacetate 
| 


| 1 1 | 
CI CI Cl cl cl С! 


polytetrachloroethane 


18.17 The initiation steps are as follows: 
CN ets Ы 
(a) СН, = СН, + eR — CH,— CH,—R 
am c "ms 
(b) CH; = CH; t R: — [ СН, — CH;— R | 


+ 
(с) СН, = СН, + R* ———- [сн,— сн,—к | 
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18.18 
IN Zo FON • 
CICH= CH, + «в  ——» асн— CH;-R 


ПХ =~ NAA. А 
СІСН = CH, + CICH— CH—R — == CICH— сну— CH— CH;—R 


CI 


18.19 The regiochemistry of the styrene polymerization is determined in the initiation step in 
which the initiating electrophile (R*) is attacked by the styrene double bond to form a 


benzylic carbocation (that is, the Rt adds to the "head" of the styrene double bond). In the 
propagation step, which involves a carbocation adding to another styrene double bond, the 
same regiochemistry results for the same reason—the most stable carbocation will be 
formed. If the addition were tail-to-tail in the propagation step a much less stable 
primary carbocation would be formed and the phenyl group could not participate in 
stabilization of that carbocation by resonance. 


"tail" 


M S s 


R + 
CH=CH, ——= LU CH,—R 


СН "head" СН; 
"tail" | 
у "tail" "head" 
Eum + + 

СН = CH; CH— CH,—R CH— CH;— сн— СН2- К 

| x + = 

СЕН; "head" — CeHs сене Ce Hs 

styrene 

CH— CH; +R styrene 
| 
Сб Hs п 
polystyrene 
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EE м OTN e 
к, + CH= СНСІ — CH=CH, ——=  |RCH;— CHCI = CH — CH, 


“~ 
RCH,— CHCI = CH— CH, + CH;,— CHCI— СН = СН, 


[ncn — сна = CH — CH,— СН, — сна! = CH — CH, | 
| chloroprene 


R { CH; — CHCI = CH — cm} 


n 
neoprene 


18.21 HDPE, produced by the Zeigler-Natta process, is an absolutely linear polymer - the 
polymer is a continuous chain of methylene groups and there are no branches (side chains or 
cross links). Therefore, the molecule can be "packed" tightly and regularly, and therefore 
is highly crystalline. 


18.22 If the polymerization of isoprene involved considerable 1,2-addition as well as the 
expected 1,4-addition there would result vinyl side chains, and these also could enter into 
radical addition polymerization. In other words, the polymer could grow in two directions, 
from C2 and C4. The result would be a highly branched polymer which would therefore be 
amorphous, not crystalline. 


* +  CH;-C(CH3-CH-CH; 


a 


RCH-C(CH,)=CH-CH, RCH-C(CH,)-CH=CH, 
(1,4-adduct) (1,2-adduct) 


chain-growth continues here chain growth continues here 
producing linear polymer leaving a vinyl branch 


this vinyl branch also is suceptible 
to attack by an iniator radical which 
will start chain growth at this branch 
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Assuming that the copolymer involves the two monomers appearing alternately in the 
polymer chain, which is not always a valid assumption, the repeating unit of the 
copolymer is as follows: 


CICH-CH; 
А | CH-CH,-CH-CH, 
| | 
C,H,CH-CH, сњ а А 


(а) The mechanism of the formation of polyisobutylene is as follows: 


CH; 


H [ 
(CH,),C= CH; = + o СН; 


CH; 
CH CH CH 
LZ CX à p je etc CH, 
(CH3))C= CH; + +С gg — |+С—СН;—С—бңу| — | 1 
| | | C— CH, T H 
CH, CH, CH, 
CH; А 


(b) Polyisobutylene is an addition polymer. 

(c) This is a head-to-tail polymer. 

(d) The carbocation intermediate is tertiary, the most stable alkyl carbocation, which is 
stabilized by hyperconjugation and which therefore forms readily. If an anionic initiator 
were employed, the intermediate resulting from its addition would be a carbanion for 
which there is no delocalization in this structure. 


The two hydrogens potentially removable by an attacking radical (in chain transfer) are 
the methinyl hydrogen (on the carbon carrying the phenyl ring) and the methylenic 
hydrogen. When a hydrogen is removed a new radical will be formed (either a benzylic 
radical or a secondary radical), and the lowest energy of activation will be for the 
formation of the most stable radical. Removal of a methinyl hydrogen produces a benzylic 
radical, which is the more stable of the two because it is stabilized by resonance. 
Therefore, it is the methinyl hydrogen which is removed and it is from the methinyl 
carbon that a new chain will grow by addition of this benzylic radical to styrene monomer. 
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methinyl ^ methylene 
group group А 


| 
\ У cts |, 
BT CH2 . К benzylic radical 
(more stable) 
- RH 
Сењ n 
CH— CH 
| 


Сен п 


secondary radical 
(less stable) 


18.26 
isotactic polyvinyl chloride 
18.27 
(a) HOOC(CH,;),COOH 
succinic acid 
+ + OC(CH),CONH(CH);NH]- 
n 
H2N(CH?NE5 ~ 
1,3-propanediamine 
NaN3 ПЛАНА 
(b BrCH,CH;CH;Br — —3 — N4CH;CH;CHN, ———3- H)NCH,CH,CH,NH, 
18.28 


Ht 


+ + 
H,C-O —>» | H,C-O0H <— CHOH 


ТТТ + + 
H;C-O + CHOH —3 CH,-O-CH;0H -= CH,— OTH 
n 
paraformaldehyde 


| сн;— о} H m | CH;— of CH,OOCCH, 


n п-1 
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18.29 
HOOCCH,COOH 
malonic acid 
+ + ооссн,соосн,сні. 

HOCH,CH,OH n 

ethylene glycol 
18.30 

Kc "OH - 
v) 
P — 
МИ OCH,CH,OH etc. 
9) ———————C»- | ОСН,СН,ОСН,СН,ОН| — O-CH,-CH, OH 
n 
Carbowax 
18.31 
HOOC(CH;«COOH + Hn Y- CH; (M NH 
i^ H,O 
T оаснасонн (7) Om] 
n 
Qiana 
18.32 
HN NH, HOOC COOH NH NHCO CO 
Z CONDE 
n 
1,3-diaminobenzene isophthalic acid Nomex 
18.33 
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18.34 


— CH— CH;— CH— CH; — — CH— CH, — CH— CH; — 
© a s 
(а) ——» 
H5SO4 


— CH— CH; — CH— CH, — 


SOH SO4H 
(b) 


NaOH 
SO,Na SO,Na 


— CH — CH, — CH— CH, — = CH— CH; — CH— СН, — 


HjSO, 


NO; (d) NO; 


Fe 
НСІ 
— CH— CH,— CH— CH; — — CH— CH, — CH— CH, — 
CHI 
X (е) 
excess 
+N(CH,), +N(CH,) NH; NH 


I I 


18.35 Protonation of propene in the initiation step produces a secondary isopropyl carbocation 
whereas protonation of styrene produces a benzylic carbocation. The latter is stabilized by 
resonance and therefore has a lower energy of activation for its formation. The secondary 
carbocation is stabilized only by hyperconjugation and therefore has a higher energy of 
activation for its formation. 


+ + 


H + H + 
CH,CH=CH, —— (CH,),CH CsHsCH=CH, —Ó — CH;CHCH; 


propene styrene 
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18.36 
сњ сњ 
— CH;— C= СН — CH, — CH; — С = СН — СН, — 


б (a segment of polyisoprene) 


ozonolysis cleaves at the doublebonds 
1. Оз 
2.ZwWH;O 


O= CH — CH; — CH; — c— CH, 
i 


о 
4-oxopentanal 


*18.37 Apply your retrosynthetic skills to this problem. The final ester can be obtained from a 
precursor acid (methacrylic acid) by ordinary Fischer esterification with methanol. Then 
considering the structure of the starting material acetone and the needed methacrylic acid, 
it is clear the methylene group and the methyl group of the latter must arise from the 
methyl groups of acetone. Thus, a means must be found to introduce a double bond (often by 
an elimination reaction) and a carboxyl group (from either a bromide and carboxylation or a 
nitrile). The nitrile precursor can be obtained by HCN addition to acetone (to form acetone 
cyanohydrin), which also contains a hydroxyl group which can be used in dehydration 
(elimination) to form the methylene group. 


CH. „он НО, 7 CH3 
cucocu, HOM, с te =c 
ИМ А N 
acetone CH; CN CN 
acetone cyanohydrin 
H*/H,O 
S CH; CH,OH и CH; 
СН; = с -— СН, = C 
COOCH; Н СООН 

methyl methacrylate methacrylic acid 


18.38 


Ка 
Q = Of 2 сој 


tetrahydrofuran 2 E. 
и О 
/ Q 


F 
Hot сњ} ВНЕ... И HOCH) CH не J | 
РА п polymerization 
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*18.39 First, notice that the starting compound (1,3-butadiene) has four carbons while the desired 


18.40 


18.41 


product (1,6-hexanediamine) has six carbons. Therefore, two homologations must be 
included in the synthesis. Recall that primary amines can be obtained from nitriles by 
reduction and a homologation occurs concurrently. A dinitrile can be obtained from 
1,4-dibromobutane. Conjugate addition of bromine to 1,3-butadiene attaches a bromine to 
each end of the carbon skeleton, and the remaining double bond can be hydrogenated. 


СН2=СН-СН=СН» BrCH;-CH-CH-CH3Br 


T2 
—— 
(one equiv) ЊУ 


БАЊА NaCN 
HjN(CH;eNH, -4«— —  NC(CH;4CN -4——-—  Br(CH))Br 


Glyptal, formed from the reaction of phthalic anhydride with glycerol, is a condensation 
polymer. An alcohol reacts with an anhydride in an alcoholysis reaction. Therefore, 
Glyptal is a polyester formed by reaction of a hydroxyl group of the triol with the . 
anhydride group. The initial step is shown here. Since each hydroxyl group of the triol is 
capable of effecting the same reaction, a highly cross-linked polymer results. It is a 
thermosetting polymer. 


О 

N 
nor ш. ви а : 
CH,~ CH,—CH, * a CH,— СН – сњ— 0— € COOH 


glycerol phthalic anhydride 


The compound called vinyl alcohol is an enol. It does not exist to any significant degree 
because it tautomerizes rapidly to the more stable acetaldehyde as shown below. Viny! 
acetate cannot tautomerize (because there is no hydrogen on oxygen) and therefore is stable 
and can be polymerized. Once the polymer is formed the acetate ester grouping can be 
hydrolyzed to release the carboxylic acid (acetic acid) and leave behind the alcohol group 
on poly(vinyl alcohol) (no longer an enol). 


СН = СН =  сњсн=о 


ОН acetaldehyde 
vinyl alcohol 


| 
OCOCH, OCOCH; OH 


vinyl acetate poly(vinyl acetate) poly(vinyl alcohol) 


E polymerize H*/H,O 
СН, = cH Ро утепа + CH,— CH — CH; — CH 
n | n 
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18.42 This polymerization occurs so readily because the energy of activation is very low for the 


polymerization. It is low because the intermediate carbanion formed in the initiating step 
is highly stabilized, able to be delocalized through the ester group and through the cyano 
group. Therefore, the energy of activation for carbanion formation is very low. 


CH= С — > |B-CH;— t) e = +CH—C 
COOCH; ГЕ ОСН; СООСН, 
P :0: EM Superglue 
NEN 
| n 
C 
ll B-CH; — С 
ва c? Г сн 
m 3 
COOCH, D 


Б 


d Concept Problem 
Knowing Your Polymer 


materials scientist working for an auto manufacturer was considering some polymer 
samples for use in the new models. Unfortunately the shipment of samples had been in a 
warehouse in a coastal city when a hurricane hit, and the labels had come off all the 
samples when the warehouse flooded. Our expert decided to examine the samples anyway. 


№ Sample #1 was a hard solid. When it was heated strongly, even in the absence of air, it 
decomposed rather than melting. (a) Give two different classifications for this polymer based on 
its bulk properties. (b) What feature of its molecular structure is responsible for its physical 
properties? 


* Ans: (a) It is a plastic, a thermosetting polymer. (b) Its molecular structure would be highly 
cross-linked and inflexible. 
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Ш Sample #2 was stretchable and flexible, and it returned to its original shape when released. 
(a) Classify this polymer based on its bulk properties. (b) What structural feature is responsible 
for its physical properties? (c) Where in a car is this material most likely to be used? 
• Ans: (а) It is an elastomer. (b) Its molecules have a coiled structure, possibly caused by the 


presence of cis double bonds that allow it to stretch and return to its original form. (c) Probably 
the tires. 


Sample #3 consisted of long filaments. When heated in the presence of acid the filaments 
decomposed, absorbing water to produce the two compounds shown below. 


wooc—{_\— COOH nn У NH; 


| (a) Classify this polymer based on its bulk properties. (b) Classify this polymer based on its 
mode of origin. (c) Classify the polymer based on the functional groups present. (d) Identify the 
specific polymer used. Where in the car is this material most likely to be used? 

• Ans: (a) It is a fiber. (b) Since it absorbed water when breaking up, it is a condensation polymer. 
(c) It is a polyamide, more specifically an aramid (because it contains aromatic rings). (d) 
Specifically, it is Kevlar. It might be found in the belts of the radial tires of a car or in the 
fabrics used inside the car. 


Kevlar 
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|. Textbook Chapter Contents 


19.1 Nucleic Acids: DNA and RNA 


19.1.1 The Primary Structure of Nucleic Acids 
19.1.2 The Secondary Structure of DNA 
19.13 Replication of DNA 
19.14 Protein Biosynthesis 
Transcription 
"Translation 
19.1.5 The Genetic Code 
19.1.6 Gene Therapy 
19.17 Genetic Engineering 


19.2 Metabolism 


19.21 Catabolism of Carbohydrates 
Catabolism to Pyruvic Acid 
The Krebs Cycle 

19.2.2 Catabolism of Fats 

19.2.3 Catabolism of Proteins 

19.24 Biosynthesis (Anabolism) 


19.3 The Chemical Basis of Therapies 


19.3.1 Treatment of Chemical Shortage 
19.3.2 Treatment of Chemical Overproduction 
19.3.3 Treatment of Malignant Growth 
19.34 Treatment of Infections 
Antibiotics 
Antiviral Agents 


hree topics from the field of biological chemistry are presented as illustrations 
and an introduction to the field. Included are discussions of nucleic acids, 
metabolism, and chemical therapies. 


* Explain the terms nucleic acid, nucleotide, nucleoside, ribose, 2-deoxyribose. 
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* Distinguish between a purine base and a pyrimidine base. 
* Know the abbreviations for the four DNA bases and the four RNA bases. 
* Write equations for the step-wise hydrolysis of a nucleotide into its three components. 


* Explain the differences between DNA and RNA. Be able to draw a schematic version of DNA and 
` RNA. Describe the difference between the informational strand and the template strand of DNA. 


* Explain the term double helix and be able to show the role of hydrogen bonding in its structure. 
* Explain and schematically illustrate the terms replication, transcription, and translation. 


* Explain the terms messenger RNA (mRNA) and transfer RNA (tRNA) and describe their roles in 
protein biosynthesis. 


* Write a schematic representation of protein biosynthesis. 

* Explain the terms gene, genetic code, triad, codon, and anti-codon. 

* Given the base sequence of two adjacent triads on the template strand of DNA, deduce the 
structure of the dipeptide which would result from protein biosynthesis (using Table 19.1 for 
assistance). 

* Explain the terms gene therapy and genetic engineering. 

* Explain the terms metabolism, anabolism, catabolism, acetyl-CoA, and ATP. 

* Know the overall transformation of the Embden-Meyerhoff pathway from glucose to pyruvic acid. 

* Write the equation for the conversion of pyruvic acid to acetyl-CoA. 

* Know the overall transformation involved in the Krebs cycle. 

* Know the overall transformation of fats into acetyl-CoA. 


* Know the concept behind the deamination of &-amino acids and the body's storage of nitrogen. 


* Know the inter-relationships between carbohydrate, fat, and protein in their catabolism and 
anabolism. Be able to represent these relationships schematically. 


* Know the principles behind a histamine blocker. 
* Know the principles behind an anti-metabolite. 


* Know the principle behind the application of chemicals to retard malignant growth. 
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* Explain the terms antibiotic and anti-viral agent. 
* Explain the difference between the terms HIV and AIDS. 


* Explain the terms reverse transcriptase inhibitor (RTI) and protease inhibitor. 


|. Glossary 


acetyl-CoA (CH4CO-S-CoA) an acetyl group attached through a thiol ester linkage to coenzyme A. 


anabolism equivalent to biosynthesis, the chemical processes by which the body synthesizes need- 
ed biochemicals 


anti-codon a triplet of bases on tRNA which recognizes and hydrogen bonds with a codon on 
mRNA 


anti-metabolite a compound similar enough to an essential chemical that it will be complexed by 
the active site of an enzyme system, thereby blocking complexation with the essential chemical and 
inhibiting the essential enzymatic process 


anti-viral agent a chemical which kills or inhibits the functioning of a virus 


antibiotic a chemical which kills bacteria responsible for infections. Examples are sulfa drugs (anti- 
metabolites) and lactam drugs such as penicillins and cephalosporin derivatives, both of which 
inhibit closure of bacterial cell walls 


ATP adenosine triphosphate, a diphosphonucleotide that serves as an energy storage chemical by 
virtue of the so-called "high energy" phosphate-phosphate anhydride bonds 


base-pair a purine base on one strand of nucleic acid and a pyrimidine base on another strand of 
nucleic acid. The pair of bases are strongly hydrogen bonded to each other 


biosynthesis the synthesis of a compound in a biological system. An alternate term is anabolism 


catabolism the chemical processes by which the body breaks down nutrients into carbon dioxide, 
water, and energy 


chromosome a long strand of DNA that contains a number of genes 


codon a sequence of three specific contiguous bases in mRNA that hydrogen bonds with an anti- 
codon in one of 64 tRNAs 


deamination the removal of the elements of ammonia from an a-amino acid 
DNA  deoxynucleic acid, which exists as a double helix and contains the genes 


double helix the secondary structure of DNA in which two parallel, but oppositely oriented, 
strands of nucleic acid are coiled about each other 


Embden-Meyerhoff pathway the chemical pathway by which glucose is catabolized to two mole- 
cules of acetyl-CoA, two molecules of carbon dioxide, and during which two molecules of ATP are 
produced 
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Ene-diyne a family of compounds containing two triple bonds conjugated to one double bond and 
that have been found to have anti-cancer properties 


gene a sequence of nucleotides in DNA carrying the information necessary for the biosynthesis of a 
specific protein 


gene therapy replacement of a mutated section of DNA with "good" DNA 


` genetic code the sequence of triads that is contained in the structure of DNA and which ultimate- 
ly determines the primary structure of the ~100,000 proteins biosynthesized in the cells 


genetic engineering incorporation of a gene from elsewhere (natural or synthetic) into the DNA of 
a species, usually to facilitate biosynthesis of a protein which confers desired properties on the 
species 


human genome the aggregate of all of the genes in homo sapiens 


informational strand one of two strands of DNA in the double helix. When the DNA partially 
uncoils mRNA is synthesized along the other strand, the template strand 


Krebs cycle the chemical processes by which acetyl-CoA is catabolized to carbon dioxide and dur- 
ing which 16 molecules of ATP are produced. Also known as the tri-carboxylic acid cycle (TCA) 


malignant growth unregulated growth of cells 
metabolism conversion of nutrients into other chemicals in a biological system 


mRNA messenger ribonucleic acid, which receives genetic information from the template strand of 
DNA in the process called transcription 


mutation the inclusion of a "wrong" nucleic acid base in a sequence of polynucleotides. Mutations 
may be caused by several different kinds of events, including accidental, biological, physical, and 
chemical 


nucleic acid a polymer of nucleotides with a phosphate-carbohydrate backbone that contains either 
deoxyribose (DNA) or ribose (RNA) as the carbohydrate component 


nucleoside a compound containing one of five purine or pyrimidine bases linked to ribose or 
deoxyribose at carbon 1' 


nucleotide a compound containing a carbohydrate (ribose or deoxyribose) linked to phosphate at 
carbon 5' and to one of five purine or pyrimidine bases at carbon 1' 


primary structure the sequence in which the various bases are attached to the carbohydrate in the 
nucleic acid backbone 


protease inhibitor an inhibitor which blocks the synthesis of the protein coating of a virus 
replication the process by which DNA reproduces itself in the nucleus 


retrovirus a viral infecting agent composed mainly of an outer core of protein surrounding an inner 
core of RNA. In order for it to reproduce and accomplish its infection, it must use the host cell's 
nucleic acid synthesis system to first produce its own DNA. This DNA then uses the cell’s chemical 
processes to produce additional viral RNA to accomplish further infection 
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reverse transcriptase an enzyme system which decodes the viral RNA to enable the synthesis of 
viral DNA from RNA 


RNA  ribonucleic acid 


RTI an inhibitor which blocks the reverse transcriptase enzyme system that decodes the viral 
RNA and synthesizes viral DNA 


secondary structure the double helix arrangement of two parallel strands of nucleic acid 
TCA cycle the tri-carboxylic acid cycle, better known as the Kreb’s cycle 


template strand one of two strands of DNA in the double helix. When the DNA partially uncoils 
mRNA is synthesized along the template strand 


transamination the transfer of the elements of ammonia from an o-amino acid to pyridoxal or from 
pyridoxamine to an a-keto acid 


transcription the process by which mRNA is formed along the template strand of DNA in the 
nucleus of the cell, after which mRNA leaves the nucleus and enters the cytoplasm 


translation the process by which tRNA units (carrying a-amino acids) are attracted to specific 
locations on mRNA in the cytoplasm, following which protein biosynthesis occurs 


triad a sequence of three nucleotides 
triplet code a specific sequence of three nucleotides which comprises a codon or anti-codon 


tRNA a small polynucleotide (70-100 nucleotides) that carries an anti-codon sequence of bases and 
which is responsible for carrying a-amino acids, in the form of an ester, to a codon site along a 
sequence of mRNA 


virus an infecting agent composed mainly of an outer core of protein surrounding an inner core of 
DNA. It commandeers the host cell's DNA replication system in order to multiply and infect 
additional cells. Some viruses, called retroviruses, have an inner core of RNA instead of DNA 
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Пу. Solutions to Problems 


For "How to Solve a Problem," review page 679. 


19.1 


19.2 


19.3 


The five different nucleic acid bases (adenine, guanine, cytosine, thymine, uracil) are 
derived from two different parent heteroaromatic structures, pyrimidine and purine. 
Pyrimidines are monocyclic with two nitrogen atoms in the ring. The pyrimidine bases are 
"keto" forms of pyrimidine analogs of phenols - tautomeric forms. Purine bases are bicyclic 
with four nitrogens in the two rings. Adenine is aromatic and guanine is a "keto" form of a 


purine phenol - a tautomeric form. See the answer to problem 19.3 for the tautomeric forms 
of the pyrimidine bases. 


о О Мн, 
C Сто CL 
2 О о 
М ge N N 
pyrimidine uracil thymine cytosine 
Pyrimidine Bases 
МН 
NA 2 О 
N 
d a "€ ex 
2 7 7 N 
N 4 1 
purine 
adenine guanine 


Purine Bases 


Adenine and guanine both contain NH groups on the five-membered ring whereas caffeine 
contains a N-CH3 group in the comparable position and has no М-Н groups. In the 
formation of a nucleoside the N-H hydrogen atom of the nucleic acid base is replaced by a 


carbohydrate (ribose or deoxyribose). This replacement cannot occur with caffeine because 
of the blocking effect of the N-methyl group. 


NH, NH, 
C3 SN Ум 
х О m c ОЧ 
N о мМ * OH 
imidi 
BS cytosine 
О OH о OH 
CH NH ~ 
(Сү "үзү C =e Cy 
— ~ 
2 N^* OH ү © E 
thymine uracil 
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19.4 A nucleotide contains a nucleic acid base bonded to carbon 1 of a Cs5-carbohydrate which is 


in turn bonded to a phosphate at carbon 5. The carbohydrate can be ribose or 2-deoxyribose. 
An example is adenine nucleotide. 


NH, 
~ 
М 

о 44 

il 5 € | 2 
HO —P—O 

| О 

OH 1 

НО ОН 


adenine nucleotide 


195  Anucleoside contains a nucleic acid base bonded to carbon 1 of a C5-carbohydrate. The 
carbohydrate can be ribose or 2-deoxyribose. An example is adenosine (adenine nucleoside). 


NH; 
N ~ 
М 
«ЛА 
МУМ 
НО 
о 
1 
HO OH 
adenosine 


19.6 The connection between the nucleic acid base and the carbohydrate in a nucleoside is that of 
an aminoacetal, analogous to the acetal linkage in a glycoside. Whereas an acetal 
involves a carbon single-bonded to two oxygens, in an aminoacetal one of the oxygens has 
been replaced by a nitrogen. Just as acetals can be formed from alcohols and hemiacetals (in 
turn formed from aldehydes), aminoacetals can be formed from amines and hemiacetals. In 
both cases they are formed and can be hydrolyzed under acid catalysis but are inert to base 
catalysis. Thus, adenosine is derived from the amine adenine and the hemiacetal form of 
ribose, and it can be hydrolyzed in acid to those starting materials. 
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хы 7 OR 
ROH YN OR 
NL OR - HO acetal 
јео X 2 он HO РИ 
7 З 
н-м “oN NO 
aminoacetal 


NH, 
ex 
N ме NH? HO OH HO 
HO А H4/H;O Му о OH Guo 
М “м 


н 
HO OH HO OH 


HO OH 
adenine ribose 


adenosine 


The essential differences between DNA and RNA are three-fold. One difference is the 
carbohydrate incorporated in the structure of the constituent nucleotides, with DNA 
nucleotides including 2-deoxyribose (the source of the letter D) and RNA nucleotides 
including ribose (the source of the letter R). The second difference is that DNA exists in a 
double-stranded o-helix structure (the double helix) whereas RNA is single-stranded. The 
third difference is that uracil replaces thymine as a pyrimidine base in RNA. 


A base-pair refers to two nucleic acid bases, one a purine base and the other a pyrimidine 
base, whose structures are complementary in that hydrogen bonding between the two bases 
effectively holds them together. Base-pairs occur in DNA with one base incorporated in 
each of two different strands of DNA. The aggregate of the hydrogen bonds from a large 
number of base-pairs results in sufficient energy to stabilize the double-stranded helical 
shape of DNA. In addition, the "pairing" of two specific bases accounts for the transfer of 
genetic information from DNA to RNA. Shown below is the hydrogen bonding between 
adenine (a purine base) and thymine (a pyrimidine base). 


i 
e. М— Ниишиииииви CH; 
\ 
Ее Was muni H— № \ 
N=/ N— 
О 
Adenine Thymine 


A gene is a segment of DNA whose precise structure (that is, its sequence of bases) is 
responsible for the biosynthesis of a specific protein which carries out a specific biological 
function. ` 
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(a) transcription is the process of transfer of genetic information (that is, base sequence) 
from DNA to messenger RNA (mRNA). 
(b) translation is the process of transfer of genetic information (that is, base sequence) from 
mRNA to transfer RNA (tRNA) which carries out the biosynthesis of proteins through the 
joining together of the 0-атіпо acids carried by each tRNA. 
(c) replication is the process by which DNA reproduces itself. 


(d) a codon is a three-base sequence located on mRNA. 


(e) an anti-codon is a three-base sequence on tRNA which is attracted to hydrogen bond 
with a complementary codon on mRNA. 


The role of tRNA is to attach itself by an ester linkage (using the 3'-hydroxyl group) to a 
specific a-amino acid and then become hydrogen bonded at a specific complementary site on 
mRNA. The tRNA holds the a-amino acid in place while peptide bonds are formed with 
adjacent a-amino acids, thereby producing a protein. The tRNAs are located in the 
cytoplasm of the cell. 


The genetic code is a "triplet" code because it requires a sequence of three nucleic acid bases 
(а "triad") to "encode" for the incorporation of a specific o-amino acid in protein 
biosynthesis. 

Genetic engineering is the process of incorporating a synthetic polynucleotide sequence into 
the DNA of an organism in order that the organism will biosynthesize a necessary or 
desired protein which will perform specific functions or add desired properties to the 


organism. 


The PCR (polymerase chain reaction) process involves use of the DNA enzyme polymerase 
to rapidly replicate a sample of DNA. 


The human genome is the sum of all of the genes in homo sapeins. They are responsible for 
synthesis of the proteins essential for all of the functions of the human organism. 


This reaction is the ammonolysis of an ester and involves a nucleophilic acyl substitution. 
CH;COOCH; +  C,H,NH, ——» СН,СОМНС,Н; + СНОН 
The DNA sequence of A-C-G-A-T will result їп а mRNA sequence of U-G-C-U-A. 


The codon U-G-C in problem 19.17 results in an anti-codon in tRNA being А-С-С. 
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DNA (informational strand) TAG-CAA-GTG-TGT-TGA 


DNA (template strand) ATC-GTT-CAC-ACA-ACT 
mRNA codon UAG-CAA-GUG-UGU-UGA 
peptide produced Glu-Val-Cys 


A TAT triad of the informational strand of DNA produces a ATA triad in the template 
strand of DNA and a triad of UAU in mRNA which encodes for the o-amino acid tyrosine. 
A mutated TGT triad in the informational strand of DNA produces a ACA triad in the 
template strand and a triad of UGU in mRNA which encodes for the a-amino acid cysteine. 
Therefore, the mutation would result in the replacement of tyrosine by cysteine in the 
protein. This change would likely result in a change in the effectiveness and/or function of 
the protein. 


The ATG triad produces TAC in the template strand of DNA, AUG in the mRNA triad, and 
UAC in the tRNA anticodon. 


Alanine is encoded by four different triads of mRNA, GCA, GCU, GCG, and GCC. The 
template strand triads of DNA which would produce these mRNAs are CGT, CGA, CGC, 
and CGG. The informational strand triads of DNA would be GCA, GCT, GCG, and GCC. 


Several base sequences could produce the peptide Ala-Gly-Phe-Tyr-Trp, one of which is as 
follows: 


peptide produced Ala-Gly-Phe-Tyr-Trp 

mRNA codon GCA-GGA-UUC-UAC-UGG 
DNA (template strand) CGT-CCT-AAG-ATG-ACC 
DNA (informational strand) GCA-GGA-TTC-TAC-TGG 

О OH OH 


aN = з, 
(во он “<= (рјо он 7 (ро о 
Dihydroxyacetone Glyceraldehyde- 

monophosphate 3-phosphate 
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19.25 
OH 
(a) OH _ R OH 
у OPO4H; О НОН 
О о OI? ОРОЗН on 
3H» 
@)o ОРО;Н; 
Glyceraldehyde- 
3-phosphate 
(b) OH OH 
+ NAD —— " NADH 


Oi 
@s Фон, © 50) 
1,3-diphosphoglycerate 


boxylated the product would be acetaldehyde. In order to 


19.26 If pyruvic acid were to be decar! 
obtain acetic acid an oxidation also would be required. Therefore, the conversion of pyruvic 
and NAD*. 


acid to acetyl-CoA involves a decarboxylative oxidation effected by thiamine 


О 
п а -C " (O) " 
CH,— C— C— OH EUM CH4— C— H = СН, – С OH 


о un 
n HS-CoA 
CH; — C— S-CoA 2 


= (С\ n TAS 


" 
Вазе + | H— СН, С 5-СоА ——» CH, — C— S-CoA 


19.27 


(5 Р о CH;— C= S-CoA 
COOH - " њо 
+ СН, — С— 5-СоА — НО СООН 
СООН СООН 
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19.28 | 
om ® E 
CoA-S — * Н- CH,—C— 5-СоА ——» CH,—C— S.CoA 
acetyl-CoA 
Со NE: 
CH34(CH5);— C — S-CoA + CH, — C— S-CoA 
myristyl-CoA Mule ou | 
o о А o 
Ц ] - CoA-S | 
CH3(CH2)2— C СН) — С$-СоА —— СН,(СН,), — С— S-CoA 
B-ketopalmityl-CoA A О 
CH; — C S-CoA 
19.29 
R R 


| 
Н 2 N— C — СООН 
A 


со М оу. 
be H* ОН, 


19.30 Тһе term antibiotic means a medicinal which destroys bacterial infections. 

19.31 Ап anti-metabolite is a medicinal which is consumed by an organism in place of a substance 
normally consumed, and which, once incorporated, prevents the normal functioning of the 
organism, leading to its demise. 

19.32 The concept of an antihistamine is to find a chemical which will be adsorbed into the 


receptor site(s) which would otherwise be occupied by histamine, thereby blocking the 
histamine and its effects. The receptor sites control acid-release and other effects. 
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NO; NH; NHCOCH; 
HN CH4COCI 
„© > © = © === 0 
Н,50; НСІ 
acetanilide 
NH; 
NHCOCH; MECOS 
SO, 2 
(b) Ó "9,502 : 
SO,H SOH 
sulfanilic acid 
NH, 
NH, NH, ^] 
SOC HN | 
(c) —— — > ч 
$02мН—< | 
SO4H SO;CI | xc | 


Sulfathiazole 


Most common viruses are comprised mainly of DNA and they undergo replication by the 
normal DNA unfolding process. A retrovirus is a virus which is comprised of RNA, not of 
DNA. In order for it to replicate it has to be able to produce DNA, which then produces 
more RNA. This is referred to as a retro-replication. 


AIDS stands for autoimmune deficiency syndrome. HIV stands for human immunodeficiency 
virus. HIV is the name assigned to the virus which carries out the infection. AIDS is the 
combination of diseases which usually eventually results from HIV infection and 
destruction of the immune system. 


The key concept in fighting a viral disease is to prevent the virus from reproducing 
(replicating). In principle this can be accomplished several ways, including preventing the 
polymerization of nucleotides, incorporating "wrong" bases or nucleosides or nucleotides in 
the retrosynthesis or replication process, providing inhibitors which block essential 
enzymatic sites, etc. 


The key concept employed in fighting bacterial infections is to impede the bacterial 
metabolic processes. 


383 


Study Guide and Solutions Manual to accompany Invitation to Organic Chemistry 


у, Conceptual Problem 


A Hot Tomato 


5 a horticulturist, you are asked to assess the qualities of a new hybrid tomato plant. The 
plant has reportedly been "engineered," through recombinant DNA technique, to carry a 
gene that will produce a less acidic fruit. To test the success of the genetic engineering, you 
plant a test plot of the hybrid tomato and one of a wild-type variety of tomato. Both plots 
are cared for in exactly the same way, receiving the same amounts of water, sunlight, and 
fertilizer. At the end of the growing season, the hybrid plants not only produce a sweeter fruit—as 
advertised—but they are significantly larger and healthier than the wild-type plants. 


E What conclusions can you draw about this case in particular? 

e Ans: You can conclude that the gene to produce the sweeter fruit was successfully incorporated 
into the hybrid plants, given the production of less acidic fruit by those plants. In addition, it is 
possible that some other gene or genes that affect some aspect of growth, perhaps the ability to 
fix nitrogen, were also passed to the hybrid plant. If so, this gene or genes must be in close 
proximity to the gene governing acidity in the source DNA. This kind of observation is the sort 
used in a genetics technique called gene mapping. 


Ш What conclusions can you draw about the ramifications of recombinant DNA techniques in 
general? 

e Ans: Generally, the experiment highlights the possibility of unintentionally transplanting into 
recombinant DNA other genes in addition to those intended. These "tagalong" genes could have 
relatively positive effects, as they did in this this experiment; this is exactly the way many 
useful advances are made in science—serendipitously. Or, they could have no discernible effect 
or even a latent effect, which only becomes evident at some time in the future. Finally, there 
could be negative effects. Any hybrids formed by genetic engineering need to be tested 
thoroughly in order to ensure that they do not contain genes that may cause harmful side 
effects. 
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In the textbook the methods available for the preparation (synthesis) of each family of 
compounds are described in the chapter devoted to that family. However, other methods evolve in 
later chapters describing other families in the course of discussions about their reactions. This 
summary brings together in a single section all the major methods for the preparation of each 
family of compound together with a chapter reference for each reaction. The individual reactions 
described herein also can be placed in context on the Key to Transformations chart contained in the 


textbook Invitation to Organic Chemistry and included with the introductory section of this Study 
Guide. 


The families of compounds are organized in alphabetical order. 


1. Acid chlorides 


a. From carboxylic acids (15.1.4) 


0 V 
SOCI 
R-C-OH — 2» к-с-С! 
carboxylic acid acid chloride 
2. Alcohols 
a. Substitution of alkyl halides (3.4) 
| NaOH | 
—с—х „ел. — C— OH 
| А | 
1° ог 2° alkyl halide 1? or 2° alcohol 
(X = СІ, Br, D) 
| H | 
—с-х — — сон 
3° alkyl halide 3? alcohol 
(X = CI, Br, I) oup 
b. Hydration of alkenes (6.4.2) 
o С C а Hoe t (Markovnik iochemistry) 
== —с—с— v re 
po а но | | arkovnikov regiochemistry 
alkene H OH 
alcohol 
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c. Hydroboration/ oxidation of alkenes (6.4.2) 


N PEE РА 1. ВН | | | | | | 
"етте. 2. NaOH, H;0; (Anti-Markovnikov regiochemistry) 
alkene HO H 
alcohol 
d. Reduction of carbonyl compounds (13.3.1) 
R' R 
~ NaBH, N он 
_2С=0 ———> с 
R R ubi © H 


R'=H: aldehyde — — ———3»9- |? alcohol 
R' = alkyl or aryl: ketone —— 2° alcohol 


e. Reduction of carboxylic acids (14.3.1) 


] ШАН 
R—C—oH ———»  R— CH,— OH 


carboxylic acid I? alcohol 


f. Addition of Grignard reagent to carbonyl compounds (13.5.1) 
R : R' 
~ 65 1. R"MgBr N ОН 
к 2. H*/HO poU Ae 


R'=R =H; formaldehyde ———— 1? alcohol 
R'=H: aldehyde — — ——»- 2? alcohol 


R' = alkyl or aryl: ketone —— —— —» 3° alcohol 
5. Addition of Grignard reagent to oxirane (5.4.2) 


1. RMgBr 
RCH,CH,OH 
о 2. H*/H,O 


oxirane 


1? alcohol 
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h. Diols from oxidation of alkenes (6.5.2) 


^t, iss <“ KMnO, a et. p. p" 
"~ cold Í | 
НО OH 
alkene 


vicinal diol 
i. Diols from ring-opening of oxiranes (5.2.3 and 4) 


^, К = он НО š 
~ J NaOH men + у — 
о HO OH 
oxirame vicinal diol 
3. Aldehydes 
a. Oxidation of 1? alcohols (4.4 and 13.6.1) 
* It 
В — CH, ОН cae R-C-H 
1° alcohol aldehyde 
(PCC = pyridinium chlorochromate) 
b. Reduction of acid chlorides (13.6.2) 
О О 
i SOCL n LiAIH(OBu) Џ 
R- сон ——== R- с- СІ № R C-H 
carboxylic acid acid chloride aldehyde 


4. Alkanes (including cycloalkanes) 


a. Hydrogenation of alkenes (6.3) 


%, S 
My, oo * S 
> с=<. а “oc 
= m 2 
alkene ' 
alkane 
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b. Hydrogenation of alkynes (7.3.1) 


H | | 

—с=с—  ——== iS ied 
Pt Г f 
alkyne H H 


alkane 


c. Acidification of a Grignard reagent formed from an alkyl bromide (3.5.1) 


Mg H*/H,0 
R~ Br Er TE cad R—MgBr ———»- R-H 
alkyl bromide Grignard reagent alkane 


d. Cuprate reagent reacting with an alkyl halide (3.5.2) 


Li | 
R-Br — 3 R-Li СШ» рощу Be к-к 
alkyl bromide organolithium organocuprate alkane 
reagent reagent 
5. Alkenes 
a. Hydrogenation of alkynes (7.3.1) 
^t, „А 
С == 
Н, uw “н 
Pd/CaCO, cis-alkene 
—c=c— H 
= e ^t, КУ 
alkyne LINH; н” С” См 


trans-alkene 


b. Dehydration of alcohols (6.6.1) 


З | H3PO4 Mn, SAM 
== C= Ce LIV Ae C=C 
| | А ” ~ 
н он 
alkene 
alcohol 
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c. Dehydrohalogenation of alkyl halides (6.6.2) 


| | base Wn, кы 
—єс—сєс— = C=C. 
| | А o ` 
H X 
alkene 
alkyl halide 


(bases varying in strength from NaOH, to NaOC?H;, and KOBu) 


d. Wittig reaction (6.6.4) 


SN Ne + N / 
,UmO + CH PCH) — СӘС. + (CgH5,PO 
1 : 
масы d унде alkene triphenylphosphine oxide 
6. Alkyl Halides 
a. Radical halogenation of alkanes (10.2.2) 
B 
M 
alkane alkyl bromide 
b. From alcohols with hydrogen halides (4.3.1) 
HX 
R-OH ———» R-X (X = СІ, Br, I) 
alcohol alkyl halide 
c. From alcohols with SOCI2 or PBr3 (4.3.2) 
SOCh PBr3 
к-с -—— R-OH — > R— Br 
alkyl chloride alcohol alkyl bromide 
d. Addition of HX to alkenes in the dark (6.4.1) 
м РА HX | | 
с==С — —C— $ — (Markovnikov regiochemistry) 
— N | 
(дагк) H 
Aene alkyl halide 
(X = Сі, Br, D 
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e. Addition of HBr to alkenes under radical conditions (10.3) 


| | 
(anti-Markovnikov regiochemistry) 


N и“ НВг 
с=с — —_ 
ROOR 
Ik Br H 
ae alkyl bromide 


f. Halogenation of allylic or benzylic compounds (10.2.3) 
N ^A 


i.c Вг; or NBS, с=с 
У 7" — ~ 25 
~ сњ— ROOR єн 
alkene allylic bromide Вг 
РА РА 
с—сн  -BüorNBS CH, — C — Br 
x ROOR < 
alkylarene benzylic bromide 


7. Alkynes 


a. Alkylation of acetylene (7.4) 


H— Czs С-Н 
2. RX 
acetylene alkylacetylene dialkylacetylene 


(R and R' = 1? or 2? alkyl halides) 


8. Amides 
a. Ammonolysis of acid chlorides (15.1.2 and 15.4.3) 
i о 
acid chloride amide 
b. Ammonolysis of anhydrides (15.2.2 and 15.4.3) 

"o П | 

Е' n 

R-C-o-c-R SHY R-C-NR, + R-cC-OH 


acid anhydride amide 
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c. Ammonolysis of esters (15.3.2 and 15.4.3) 


О О 
| R',NH [ 
Е— С— ORY(Ar) ——%- К- С— NR, 
ester amide 


d. Peptides using dicyclohexylcarbodiimide (DCC) (16.4) 


NHCOOBz МН; ИОВ R 
| DCC 
R'- сн- соон + R- CH-COOC,H, ———» R'-CH- CONH-CH- COOCjH; 
N-protected 0-атіпо acid А -ami i 
P C-protected a-amino acid 1. Нура 
2. H*/H,O 
NH; R 


| | 
R'— CH — CONH — CH ~ СООН 


Dipeptide 
9. Amines 
a. Alkylation of ammonia (12.6.1) 
г МН; 
Вг —ехсеѕѕ R= ИН) 
alkyl halide 1? amine 
b. Reduction of azides (from alkyl halides) (12.6.2) 
NaN: НАШ 
R-Br —= 3» R-N, — ——» В МН, 
alkyl halide alkyl azide 1° amine 


c. Reduction of nitriles (from alkyl halides) (12.6.2) 
ПАН 
К — Вг JUS VL. R— CN ciun m R— сњ— NH; 


alkyl halide nitrile 1? amine 
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d. Reduction of amides (12.6.2) 


О 
Џ НАШ, 
R— C—NH, ———»- | R—-CH,- NH; 
1? amine 
О 
Џ МАНА 
R—C—-NHR  ———— R- CH— МНК 
2? amine 
О 
ll LiAIH4 
Е— С— NR К — CH,— NR, 
анде 3° атїпе 
e. Reduction of nitroaromatics (12.6.3) 
HN 
A DON Ы s Ar — МО, Ее/НС1 Ar МН, 
22 V4 
arene nitroarene arylamine 
10. œ -Amino acids 
a. From a-bromo carboxylic acids (16.4) 
Br NH, 


Вго/Р | NH; ! 
R- СН, — COOH —— > R-CH-—COOH ——» R- CH- СООН 
carboxylic acid a-bromo acid о-атіпо acid 


b. From aldehydes (Strecker synthesis) (16.4) 


о МН NH, NH; 
| NH; ll HCN НО ! 
R-C-H —> R-C-H ——- R-CH-CN —* R-CH- СООН 
aldehyde imine 


а-апипо nitrile о-атіпо acid 


11. Aromatic compounds 


a. Halogenation of arenes (9.3.2) 


2 
Ar—H “ех,” Ar—X (X = Cl or Br) 


arene haloarene 
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b. Haloarenes from diazonium salts (12.5.2) 


Ar— Е 
fluoroarene 
CuCl Ar — С} 
hl 
A ETNOS А М NaNO, " — chloroarene 
r— Н г— NH; ———» Аг— 
H,SO, 2 “HCI К СиВг Ar — Br 
arene 2. Беј НС] arylamine aryldiazonium bromoarene 
chloride 
KI Ar — I 
iodoarene 
c. Nitration of arenes (9.3.3) 
м-н 33 лмо 
H,SO, 2 
arene nitroarene 
d. Sulfonation of arenes (9.3.4) 
Ar-H LJ Ar-SOH 
H,SO, 30; 
arene arenesulfonic acid 
e. Alkylation of arenes (9.3.5) 
R— СІ 
Ў 
r— Н Ar — 
R— OH ais 
arene ЕРО; alkylarene 
f. Acylation of arenes (9.3.6) 
RCOCI V Zn/H, 
А-н И Аг С-Б — > АГ—СН-Е 
АІС} НСІ 
агепе acylarene alkylarene 
(ketone) 
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12. Carboxylic acids 
a. Carbonation of Grignard reagent (14.4.1) 


О 


M 1.СО | 
R— Br —— R — MgBr > R- C- OH 
2- НВО . . 
alkyl halide Grignard reagent carboxylic acid 
b. Hydrolysis of nitriles: 
i. from alkyl halides (14.4.2) 
NaCN H*/H;O T 
R-X > вм —— к-с- OH 
alkyl halide nitrile carboxylic acid 
(R = 1° or 2? alkyl group) 
ii. from cyanohydrins (14.4.2) 
N NaCN \ 70H нуњо \ г OH 
“о их ES UN 
COOH 
carbonyl EN 
compound cyanohydrin о -hydroxycarboxylic acid 
iii. from aromatic amines (14.4.2) 
NaNO. = CuCN H*/H,0 
Ar — NH; E EE Ar—N, CI ~ Аг—СМ — Аж Ar- СООН 
А 3 ; ~ агота с 
уне hb oen ише carboxylic acid 


c. Oxidation of alkylarenes (9.6.3 and 14.4.3) 


/  1KMn0O,A 
Ar — CH = Ar — СООН 
ЊУ 2. H УНО aromatic 


carboxylic acid 
d. Oxidation of aldehydes (13.2.2) 
О О 
Ш [О]* il 
R—-C-H —— R—C- он 


aldehyde carboxylic acid 


* a wide range of oxidizing reagents can be employed, 
including Оз, НМОз, KMnO,, Ма;Сг20т, etc. 
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e. Oxidation of 1? alcohols (4.4) 


О 
Na,Cr,0, li 
RCH;OH —_— R-C- 
D #50, C— OH 
1° alcohol carboxylic acid 
13. Esters 
a. Alcoholysis of acid chlorides (15.1.2 and 15.3.4) 
1 1 
в-с-а НО КА) К—С— ОКА) 
: ; pyridine 
acid chloride ester 
b. Alcoholysis of anhydrides (15.2.2 and 15.3.4) 
| НО— R'Ar | 
в-с-а -HO-ROD, рс ОКА) 
pyridine 
acid chloride ester 
c. Fischer esterification (15.3.4) 
o o 
H2SO4 1 


l 
R—-C-OH + HO—-R —--»> R-C-OR 


carboxylic acid alcohol ester 


14. Ethers 


a. Williamson synthesis (5.1.2) 


Na — RX 
ROH —— RO Ма ———» ROR (RX=1° ог 27 alkyl halide) 
alcohol sodium ether 
alkoxide 
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b. Epoxidation of alkenes (6.5.1) 


"T, 


D м” CH4CO © S 
Vea (| ак. И Б: 
9 ~ NN А 
alkene 


СА 


epoxide/oxirane 


15. Ketones 


a. Oxidation of 2? alcohols (4.4 and 13.6.1) 


\ ZOH Na,Cr,0, \ 
C oo с=0 
ZN H5SO4 7 
H 
ketone 
2° alcohol 


b. Cuprate reagent with acid chlorides (13.6.3) 
О О 


О 
Ш SOCI | Е' i ћ 
к-с-он ——-->= В С СІ = рген R-C-R 
carboxylic acid acid chloride ketone 


c. Friedel-Crafts acylation of arenes (9.3.6) 


О 
11 
Ar-y  .RCOC! TUNE PS 
AICI, 
arene ketone 
d. Claisen condensation of esters (15.3.3) 
; ср 
1. NaOCH. И 
R- CH, - C— OCH З R— CH, — C- cH- C- OCH 
? — 2.H*/H5O К 1 
ester B-ketoester 
о 1. NaOH 
. + 
i 2. H*/H,O 
R—CH,—C-CH;-R 3.4,- CO, 
ketone 
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16. Nitriles 
a. Substitution of alkyl halides (3.4.1) 
R-X NaCN „_ Е— CN (R = 1? or 2? alkyl group) 
alkyl halide nitrile 


b. Cyanohydrin formation (13.3.2) 


N \ 7 OH 
C=0 NaCN C 
7 ЄХ 
CN 
carbonyl 
compound cyanohydrin 


c. From diazonium salts (12.5.2) 


— CuCN 
Ar — NH, e Ar — N5* Cl Pe Ar — CN 
arylamine aryldiazonium nitrile 
chloride 
17. Phenols 
a. Hydrolysis of diazonium salts (9.5.4 and 12.5.2) 
- H20 
Ar — NH; A Ar — N5* Cl NE Ar — OH 
arylamine aryldiazonium phenol 
chloride 
18. Miscellaneous compounds 
a. Grignard reagents (3.5.1) 
RB ICE. 
T | ether R- MgBr 
alkyl bromide Grignard reagent 
b. Organothium reagents (3.5.1) 
R-Br — > R-Li 
Г ether R-Li 
alkyl bromide organolithium 
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c. Cuprate reagents (3.5.1) 


R-B Li . Cul |! 
"ether R-Li »-  RCuLi 
alkyl bromide organolithium organocuprate 
d. Acetals (13.4.2) 
~ " Я H,SO, d OR H,SO, АШ; ОК 
c= + SROH LL 
ZN OH ROH ZN OR 
carbonyl alcohol hemiacetal acetal 


e. Thioacetals (13.4.2) 


ee = Н,50, Se SR  Hso, sR 
c= + RSH = 

"^ “он RSH ^4 ~ sp 

carbonyl - thiol hemiacetal thioacetal 


f. Imines (13.4.1) 


~ ~ 
"ic + RNH, — y C= МЕ 


о Н . H 
carbonyl 1° amine imine 
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